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ABSTRACT

Cathodic plasma electrolysis (CPE) was used to create surface texturing on
gray iron samples, which could reduce the friction and increase the wear
resistance. During the treating process, cast iron sample served as a cathode where
the plasma discharging occurred, increasing the surface hardness and leaving an
irregular array of micro craters on the surface. Modified surface morphology was
determined from scanning electron microscope (SEM) and surface profiler.
Recessed and protruded surface textures were observed when the CPE was applied
at low and high voltages, respectively. Pin-on-disk tribotests were conducted on
CPE-treated samples and untextured sample. The friction of as-treated samples
could be reduced in boundary lubrication regime at low sliding speed due to the
ability to store lubricant. Besides that, the surface texture generated extra
hydrodynamic pressure that separated two sliding surfaces, increased the oil film
thickness and accelerated the transition from boundary to mixed lubrication at high
sliding speeds.
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CHAPTER 1
Introduction
1.1 Motivation
Friction in automotive is a severe problem that needs to be solved. The high
friction would shorten the lifetime of the mechanical components [1] as well as increase
the consumption of energy [2]. Hard coating is conventionally applied to reduce the
friction and wear by thermal spray [3-5], electroplating [6] and hot dipping [7]. But some
limitations are related with these techniques such as high cost, complicated process,
inability to treat workpieces with irregular shapes and the environmentally unfriendly
electrolytes [8]. The use of lubricant is an effective method to control wear and friction.
For last decades, surface texturing was developed to improve the efficiency of
lubrication and thus more effectively reduce the wear and friction [9]. The effects of
surface texturing vary when the sliding system is in different lubrication regimes. The
craters act as micro reservoirs for lubricant so that when two surfaces slide in boundary
lubrication, the lubricant can be supplied from the craters to the sliding interface,
although the lubricant is squeezed out from the contact region due to the high pressure
[10]. Besides that, the craters can trap the wear debris to prevent the severe abrasive wear
until the they are filled [11]. In hydrodynamic lubrication, the negative pressure in the
diverging region of a dimple is limited by the cavitation, while the positive pressure in
the converging region is not limited, leading to the positive net pressure that support the
applied load [12, 13]. Above effects work together in mixed lubrication to reduce the
friction and wear [14].
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Laser surface texturing [15, 16] is one of the most popular techniques that is being
used. It can produce accurate textures with the help of computer software. However, the
expensive high-energy-laser sources, complicated control software, and masks used to
create the certain patterned textures limit the application of laser surface texturing in
massive industrial production. Micro-electric discharging machining [17] and chemical
etching [18] could produce surface textures without changing the mechanical properties
of the workpieces or causing no harm to the target surface, but the material removal rate
is low.
This work aimed to apply cathodic plasma electrolysis (CPE) on cast iron samples
to improve their tribological behavior. It is an effective method to create surface texturing
with low cost and no harm to the environment. During CPE surface texturing process, the
surfaces of cast iron samples (cathode) are covered by the gas bubbles, resulting in the
accumulation of the electrons. The applied voltage across the electrodes mainly drops in
the gaseous envelope, generating high electric field. As the electric field strength reaches
to a critical value (106 ~108 V/m), the gas starts to ionize, forming uniformly distributed
plasma discharges on the whole sample surface [19]. Heated by the extremely high
temperature plasma core (6000-8000 K) [20], the gas bubbles explode, melting the metal
surface and forming the craters. The effects of applied voltages and surface roughness on
the friction coefficient are studied by the Taguchi method.

2

1.2 Objectives
1) Use cathodic plasma electrolysis to create surface texturing on cast iron
samples
2) Develop optimal process parameters for CPE treated cast iron samples to have
lowest friction coefficient in both low and high sliding speed.
3) Investigate the relationship between crater size and friction coefficient.
4) Apply CPE on cylinder liner and investigate the relationship between surface
roughness and honing cycles.
1.3 Organization
This thesis includes six chapters. In chapter 1, motivation and objectives of the
research were introduced.
Chapter 2 gives the literature review of surface texturing, its application and
mechanism to reduce friction coefficient, stribeck curve and plasma technology.
Chapter 3 describes the experiment and test facilities, experimental procedures,
and characterization instrumentation.
Chapter 4 gives the results of the friction coefficient for cast iron samples treated
at different voltages in low sliding speed.
Chapter 5 illustrates the results of the friction coefficient for cast iron samples
treated at different voltages in high sliding speed and the relationship between crater size
and lubrication efficiency.
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Chapter 6 presents the relationship between honing cycles and surface roughness
of modified surface when cast iron cylinder liner was treated by CPE at different voltage.
Chapter 7 summarizes the present works and discussed the future work.
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CHAPTER 2
Literature Review
2.1 Application of surface texturing
2.1.1 Cutting tools
Surface texturing is utilized to modify the surface so that tribological performance
can be enhanced, including friction reduction, wear resistance and lifespan [1, 2]. Surface
texturing has been developed to be applied on cutting tools. It can lead the lubricant to
tool chip contact zone and decrease the contact length. Tools with surface texture (either
dimples or grooves) on rake or flank surface is reported to show low friction coefficient,
cutting temperature and wear [21].
The effect of depth of grooves on the surface was reported by Obikawa et al. [22].
In his research, deeper grooves can cause friction to decrease more. Because as the depth
increase, the amount of lubricant stored inside the grooves increase. Besides that, the
larger space inside the grooves can provide more rooms for the cutting chip and wear
debris. While if the depth is small, the grooves will be quickly filled with wear debris and
the contact area between target material and cutting tool increase, leading to the high
friction and temperature. However, Xie et al. reported that grooves with high depth would
cause larger friction, due to the fact that the contact area between rake surface and target
material was increased [23].
The orientation of sliding direction between chip and rake surface also affects the
tribological performance. It was reported by Kawasegi et al. that when the sliding
direction was perpendicular to the grooves, friction reduction was enhanced [24]. It was
because that the more restricted contact area resulted in less wear and friction. While for
5

sliding parallel to eh grooves, the severe plastic deformation was found, leading to the
obvious wear loss and high friction.
Cutting speed was found to have influence on the effect of textured tools.
According to Koshy and Tovey [25], at high cutting speed, the friction reduction effect
by surface texturing was reduced. It was explained that lubricant cannot flow into the
machining region when the cutting speed is high so that the lubricant cannot be stored
inside the grooves, leading to the increase of friction.
Sometimes lubricant is not the best solution for friction reduction. Because the lubricant
is harmful either to the environment or human beings, which can cause skin and lung
diseases [26]. So it’s in need to use solid lubricant on cutting tools instead of oil
lubricant. It was reported by Wenlong et al. that filling micro pores with solid lubricant
can also decrease the friction force [27]. At cutting speed equal to 100m/min, MoS2 was
found to have better tribological performance than CaF2 and graphite. As cutting speed
increased above 100m/min, CaF2 performed better. It was because that with higher
cutting speed, the temperature was also higher. When temperature was above 450 C,
MoS2 was getting oxidized to MoO3 so that the friction reduction effects developed by
solid lubrication was affected. A brief insight of the research contributions of various
researchers in this regard was given in Figure 2.1.
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Figure 2.1 A brief insight of the research contributions of various researchers [28].
Besides the friction force, micro grooves can also have effects on the reduction of
temperature at cutting contact region. According to Xie et al. [23], the heat generated
during the cutting process can be sufficiently dissipated away through the micro grooves
on rake face. Because of better convective heat transfer and aerodynamic lubrication. The
temperature can be controlled under 500C when machining titanium alloy.
7

As cutting speed increase, the temperature inevitably increases. With surface
texturing, the rise of temperature can be suppressed to some extent. It was reported by
Jianxin et al.

that the elliptical groves and wavy pattern can help to reduce the

temperature at high cutting speed [29]. Figure 2.2 (a) and (b) shows the temperature of
different textured surface at different cutting speed (STT-1: elliptical grooves; STT-2:
parallel grooves; STT-3: perpendicular grooves; STT-0: plane tool; AS: Plane tool, ATPE: Perpendicular grooves, AT-PA: Parallel grooves, AT-W: Wavy pattern). It was found
that elliptical grooves and wavy pattern performed better than conventional straight
grooves because those new types of grooves provide more surface area, thus the heat can
be dissipated better and lower temperature can be achieved.

Figure 2.2 Effect of cutting temperature with cutting speed for (a) elliptical grooves [29]
(b) wavy grooves [30].
Filling the textured surface with solid lubrication can also reduce the temperature.
Lian et al. found that textured tools filled with WS2 can help reduce the temperature of
cutting region compared to normal textured and plane tools [31]. Temperature was
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reduced by 20% when machining steel. The reason was that WS2 provided low friction
coefficient and high temperature resistance.
Wear resistance is probably the most important property of cutting tools, since the
lifespan and cutting efficiency depend on the wear resistance. It was reported by that rake
surface with grooves show less wear than plane surface due to the fact that heat can be
dissipated more effectively (Figure 2.3) [23]. The effect of width of grooves on the wear
resistance was also revealed in the research. It was concluded that with narrower grooves,
less wear was observed. Because less friction force was generated between chip and tool
with narrower grooves.

Figure 2.3 Wear pattern on (a) plane tool; (b) 25 μm wide textured; (c) 123 μm wide
textured cutting insert [23].
Filling micro pores with solid lubricant can also reduce the wear. Jianxin et al.
conducted EDX analysis on the textured tool sample after tribotest tests [29]. The result
showed that Fe element can be found on the surface of plane tool. And only Mo and S
can be found on the textured tool (Figure 2.4), indicating that surface texture filled with
solid lubricant can prevent the adhesive wear. Wu et al. found the contact area between
chip and cutting tool was reduced by 28% due to the use of solid lubricant [32]. As the
temperature around the cutting region was high, the solid lubricant trapped in the micro
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pores would expanded and became higher than the tool surface due to the thermal
expansion. This phenomenon would cause the contact area to decrease and thus, less
wear on the tool surface.

Figure 2.4 Wear pattern on (a) plane insert and (b) elliptical grooved cutting insert and
corresponding EDX analysis [29].
The lifetime of the textured tool needs to be studied. As the serving time increase,
the effects of friction and wear reduction must decrease. So whether the worn textured
tool still meet the requirement needs to be confirmed. Besides that, it’s necessary to study
he optimization of texture dimension.

10

2.1.2 Mechanical seals
Friction is the major factor to shorten the lifespan and affect the performance of
mechanical seal. High temperature caused by the friction will change the seal geometry,
leading to the lubricant leakage. To make sure the good performance of seal, surface
texturing was applied on the seal surface to decrease the friction and wear.
X.Q. Yu et al. studied the effect of surface texturing on the face temperature and
friction [33]. They prepared the micro pores on the seal with the pore diameter, depth and
pore density to be 90 μm, 25 μm and 20%, respectively. Figure 2.5 shows that when
applied load at 68N and 136N, the temperature rise of textured seal surface was lower
than that of the plane surface. So that surface texturing can improve the heat dissipation
ability and thus, increase the lifespan of mechanical seal.

Figure 2.5 Temperature rise at closing force of (a) 68 N; (b) 136 N [33].
Figure 2.6 shows the results of friction coefficient of both textured and untextured
seal. It can be foudn that friction coefficient of textured seal was much lower than that of
the untextured seal at both applied load. It’s because that the untextured seal was in
boundary lubrication regime and the textured seal was in fixed or hydrodynamic
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lubrication regime where the micro pores on the surface can generate hydrodynamic force
that separated two mating surface.

Figure 2.6 Friction coefficient at (a) 68 N; (b) 136 N [33].
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T. Wang et al. studied the effects of different dimension of micro pores on the
friction friction and temperature [34]. Figure 2.7 shows the results of friction torque as
the sliding speed increased. It can be found that sample C1, C3 and C4 had relatively low
and stable friction torque as the speed increased. But for sample C2, when speed
increased to about 1800 rpm, the friction torque suddenly increased to a very high value
that was even three times the friction torque at very low speed. Figure 2.7 (e) compared
the average friction torque of all samples. It can be found that friction torque of C2 was
even higher than that of untextured seal, while C3 and C4 showed the lowest friction
torque. The average temperature of all samples is shown in Figure 2.8. t can be seen that
the average temperature of sample C1 and C2 are similar to that of untextured one. But
C3 and C4 show lower temperature than other samples.
It can be revealed from the experimental results that with proper dimension of
micro pores, the friction and temperature can be reduced. However, if improper
dimension is chosen, the friction and temperature would rise, causing harm to the seal
system. In this case, large and deep micro pores cause increase of friction and
temperature.
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Figure 2.7 Friction performance of LST end faces (a) C1, (b) C2, (c) C3, (d) C4 and (e)
comparison of friction performance [34].
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Figure 2.8 Temperature at I.D. for LST end faces (a) C1, (b) C2, (c) C3, (d) C4 and (e)
comparison of temperature behavior [34].
Numerical was also used to study the influence of surface texturing on the
tribological performance of mechanical seal. According to the research of S. Bai et al.
[35], the slender ratio has effects on the hydrodynamic pressure generated by the micro
pores. Figure 2.9 shows that with higher slender ratio, larger hydrodynamic pressure can
be generated. It was due to the fact that when the shape of micro pore is ellipse, and the
sliding direction is parallel to the long axis of the pores, the distance of lubricant flow is
longer than the situation where the shape of the pore is circle, as the lubricant flow from
the outside of the pore to the inside (Figure 2.10). So that the cumulative hydrodynamic
pressure inside the micro pore is higher. And it can be concluded that the direction of
pores can influence the effects of hydrodynamic pressure.
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Figure 2.9 Pressure distribution along the center line of a dimples column (Sp = 0.3, hd =
5 μm, a = 55̊, c = 2 μm, Po = 9) [35].

Figure 2.10 Influence mechanism of simple direction on gas flow in seal clearance [35].
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2.1.3 Journal bearings
M. Qiu et al. studied the effects of texture geometry and density on the friction
coefficient [36]. 6 different texture shape were studied, including circular, elliptical,
triangular and chevron shape that have flat bottom and spherical and ellipsoidal shape
that have curved bottom. Table 2.1 summarized the optimal geometry of texture with
different shape and its corresponding minimum friction coefficient. The lowest friction
coefficient f=0.0244 was obtained when ellipsoidal shape was chosen, about 24.5% lower
than that of the conventional spherical texture. And triangular texture resulted in the
highest friction coefficient f=0.0534, 65.3% higher than that of the spherical texture. It
was also found that dimples with curved bottom performed better in friction coefficient
than dimples with plane bottom. And dimples with round edge (circular, spherical,
elliptical, ellipsoidal) showed lower friction coefficient than dimples with straight edge
(triangular and chevron).
Table 2.1 Optimal geometry of different texture shapes with corresponding minimized
friction coefficient. The relative difference with the results for the spherical texture shape,
used as a benchmark, is indicated.

It was also found that texture shape that can generate the highest load carrying
capacity may not have the lowest friction coefficient. According to the research by M.
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Qiu [36], the spherical texture generated 7.8% higher load carrying capacity than
elliptical texture. But the friction coefficient of spherical texture was 13.6% higher than
that of the elliptical texture. Comparing the texture shape that minimize the friction
coefficient with the shape that maximize the load carrying capacity, it can be concluded
that a slightly higher dimple density and aspect ratio can minimize the friction coefficient
than to maximize the load carrying capacity. Even though the load carrying capacity is
not maximized, the increase in the dimple density and volume can reduce the shear stress
and friction coefficient.
2.1.4 Cylinder liners
cylinder liner/piston ring plays the most critical role in engine. Research shows
that friction from this pair accounts for 50-60% of the total friction loss in engine [37].
The friction loss not only increase the temperature inside the cylinder, shorten the
lifespan and thus, influence the engine power, but also increase the fuel consumption and
emission. As new emission regulation was proposed, improving energy efficiency and
reducing emission became the goal of engine engineers. Reducing the friction and
improving wear resistance became the issue. Many experiment and numerical studies
have been done to create surface texture on the surface of cylinder liner.
B. Yin et al. established a theoretical model to study the effect of laser surface
textured micro dimples on the friction coefficient and lubrication condition of cylinder
liner/piston ring [38]. It was concluded that in most region of stroke, the load was carried
by the oil film, which means that the hydrodynamic pressure generated by the micro
dimples support the external load and the friction pair was in hydrodynamic regime. But
as the piston ring reached to the dead points, the friction pair was in mixed regime, where
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the asperity on cylinder liner surface and piston ring partially contact with each other and
the external load was also carried by the asperity. The effect of geometry of texture shape
was also investigated. The results show that as the dimple radius increased, the
hydrodynamic effect would increase. When the radius ranged from 20-60 mm, the
hydrodynamic pressure increased 3.88 times at the dead point and the friction reduced by
27%. the area density also had effect on hydrodynamic pressure and friction coefficient.
when area density was about 50%, the friction was reduced by 34%. The aspect ratio
(dimple depth to diameter ratio) had great effect on lubrication effect. when the aspect
ratio was 0.1, he hydrodynamic pressure was large and he friction coefficient was small.
2.2 Fabrication techniques
2.2.1 Laser texturing
Laser surface texturing (LST) was developed in last two decades to be a
competitive technique to create surface texturing. The advantage of this technique is that
it can be controlled by computer software fast and precisely so that researchers can create
textured surface with any parameters. It makes the researchers easily to study the effects
of dimension of micro dimples on the tribological performance. LST use high energy
pulse to melt the material and the melted material is then vaporized. LST can be divided
into two categories according to the interaction of energy pulse with the material:
pyrolytic and photolytic process [39]. In pyrolytic process, the material absorbs heat from
the energy pulse so that the temperature rises. As the temperature increases to the melting
temperature, the material will be melted and evaporated, leaving dimples on the surface.
While in photolytic process, the photon energy is absorbed by the material and chemical
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reaction is induced to overcome the chemical binding energy. This process is also called
“cold ablation” [39].
During either process, projecting the laser beam on the surface of substrate is the
most important step duo to the fact that it determines how accurate the dimples can be
compared with what the researchers design. In order to create accurate surface texture,
three methods are usually used: 1. using a fast-revolving perforated disk to chop an
unfocused laser beam to create certain patterns. The limitation of this method is that the
resolution is relatively, leading to lower accuracy. 2. using a patterned mask to split the
laser beam. This method is flexible, fast, moreover, any shape of the dimples can be
created with different patterned masks. However, the cost of the mask is so high meaning
that this method cannot be used in mass production. 3. using a galvanometric scanner and
a computer control system to project the laser beam. This method is very accurate cause
the pulse is extremely short. But the short pulse also means the processing time is long.
Although LST is a competitive technique to create surface texturing, there are
some issues about it, such as the heat-affected zone (HAZ), surface bulges and the
periodical surface structure. Laser beam heat can lead to the variation in the metallurgical
properties of the substrate. For example, When the area density of dimples is 14-22.5%,
the area density of HAZ is 50-100% and the diameter of HAZ is ranging from 300-450
μm [40]. Surface bulges is also a big issue. The height of the bulge is around 3.5-4.5 μm
[41], high enough to affect the friction coefficient. The bulging material can be removed
by grinding, polishing and lapping. Another big issue is the periodical surface structure
created by LST, such as ripples that can increase the surface roughness. Such periodic
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structure of textured surface can be used to control the hydrophobicity of metals [42],
friction and wear properties of cutting tools [43].
Long pulse laser was used to create surface texturing previously, such as
nanosecond Nd:YAG lasers, nanosecond excimer laser, picosecond Nd:YAG lasers and
sub-picosecond excimer lasers. Recently, femtosecond laser has been used as an ultra-fast
laser technique [44]. In femtosecond laser system, pulse is achieved by the mode
coupling of a broadband laser source. The bandwidth is over tens of m, which allows
pulse duration below 100 fs, so that the peak power can reach more than 15 GW [39].
The general set up of this laser system is shown in Figure 2.11. A smaller HAZ and less
debris can be produced through this technique.
LST has been applied in cutting tools [43], journal bearings [45], cylinder
liner/piston rings [46], mechanical seals [34], magnetic storage devices [47] to reduce
friction and wear.

Figure 2.11 Set up of femtosecond laser micro-machining system [48].
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2.2.2 Micro-electric discharge machining
Electric discharge machining (EDM) is a thermal material removal process
similar to LST. The electrical discharge formed between the electrode and workpiece can
melt and remove the material. The higher frequency of the electric discharge can melt
and vaporize the material of both electrode and workpiece. A non-conducting fluid is
usually used to enhance the material removal. The dielectric fluid can isolate the
electrode from the workpiece, enhancing the current density in the plasma channel.
Besides that, the dielectric fluid can also cool the surface of both electrodes and flow
away the debris after the electric discharge remove them from the surface [49]. The
certain voltage is set depending on the gap between electrode and workpiece, as well as
the conductivity of dielectric fluid.
Micro-EDM is one of the applications of EDM [50]. It is used to produce micro
structure and workpiece. Miniature electrode and low electric discharge energy per
discharge is required [51]. many types of micro-EDM has been developed, including
micro-wire EDM, die-sinking micro-EDM, micro-electric discharge milling and microelectric discharge drilling.
Using micro-EDM to create surface texture has several advantages: The
dimension can be as low as 100 μm; the machining force is quite low so that the damage
to the workpiece caused by the machining process can be minimized; complex
geometrical structure; smoother surface; less mechanical stress in the workpiece and high
precision. However, the disadvantages of micro-EDM is also obvious: the material
removal rate is low; HAZ on the surface cause the molten material to resolidify after
cooled by dielectric fluid.
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Micro-die-sinking EDM was recently used by Koshy et al. [17] to create micro
texture on cutting to improve its tribological performance. Kim et al. [52] created straight
grooves. In order to obtain a flat surface, machining was done layer by layer and the
width of the layer was controlled as small as possible.
2.2.3 CNC ultrasonic machining
The machining tool vibrates at ultrasonic frequencies and drives the abrasive to
hit the workpiece surface and create texture [49]. Figure 2.12 shows the general set up of
CNC ultrasonic machining (USM). The shape and dimension of the tool determine the
shape and dimension of the workpiece. Since the material removal is based on brittle
breakage, this technique is suitable to machine brittle materials, such as ceramic, glass,
graphite and silicon [53]. various shape of texture, including circle, rectangle and
hemisphere with different dimension can be obtained accurately. The main issue with
USM is that material with high strength cannot be textured since the micro-drill fail. The
cost of this technique is also expensive.
Another type of USM is rotary ultrasonic machining (RUM). it combines
diamond grinding and USM. RUM is cost effective and suitable for brittle and hard
materials, such as titanium alloys and ceramics [54].
Shin et al. [55] conducted experiment to create surface texturing to reduce
friction. The results show that with dimple diameter, area density and depth of 0.53mm,
1.37-2.23% and 2-4mm, respectively, the friction coefficient can be reduced.
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Figure 2.12 Basic micro USM structure [56].
2.2.4 Chemical etching
During chemical etching process, chemical agent is used to remove material [57].
Electrochemical cell action is used for the removal of material, similar to the chemical
dissolution of metals or corrosion. These methods change the surface topography of
materials, rather than the mechanical properties. Chemical etchants are used in specific
region by masking. The two main materials used for chemical etching are maskants and
etchants. The resolution of the textured surface depends on the way to mask [49].
Variation of etching time can determine the depth of texture (longer etching time results
in deeper texture) from 0.5 μm -1 mm [10]. The advantages of this technique are that the
mechanical properties of materials do not change; no machining force is generated so no
extra damage to the surface; it can be applied on materials with complex shape; and it can
be applied on a variety of materials, including steel and copper [58]. compared with the
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textured surface created by LST and EDM, that created by chemical etching show lower
roughness and fewer irregularities. The disadvantages of this method is that it’s time
consuming in printing masks and etching.
2.2.5 Electrochemical machining
In electrochemical machining (ECM) process, material is removed by anodic
dissolution. Similar to EDM and USM, the shape of surface texturing is determined by
the shape of the electrode. The advantages of ECM are obvious: the textured surface is
quite smooth; little damage to the surface is caused by machining. Current is usually set
to be low with short pulse to adjust suitable amount of removal material, so that
electrolytes with high resistance must be used [59]. A high-speed jet is used for
electrochemical dissolution. Micro grooves with submicron width can be obtained by
using scanning tunneling microscope with ECM, since removal of material in ECM is a
process of atom by atom [60]. this technique is cost effective, high efficient, less HAZ
and wear.
ECM can create surface texturing either through mask or not through mask.
Through-mask ECM is more common and is obtained by using photolithography during
the process that involve the development of photoresist and exposure to ultraviolet
radiation [61]. Figure 3 shows that process related to through-mask ECM. During the
process, the patterned surface texturing is produced on photoresist-coated substrate. The
drawbacks of this process should be considered when using it in mass production, which
is the high surface roughness and poor fatigue properties.
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Figure 2.13 Through-mask ECM process for micro texture creation [61].
2.2.6 Focused ion beam machining
Focused ion beam (FIB) machining is the process of creating patterned texture by
impingement of the ion beam on the substrate [62]. the focused ion penetrates the
material surface and lose energy after removing atoms. Unlike other techniques discussed
above, FIB can create micro texture without using costly masking process. The
advantages of FIB can be concluded: high resolution; wide choice of substrate materials;
low surface roughness; and an ion beam spot diameter that provides lateral dimensions to
texture (for smaller currents, it descends to 8nm, although the processing time is longer).
Usually workpiece with small dimension is treated by FIB, since the processing speed is
very slow.
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Chang et al. [63] created micro grooves on a milling tool using FIB with liquid
gallium ion sources. The wear resistance is improved after texturing. Nakano et al. [64]
created micro dimples with diameter of 30 μm and depth of 11 μm. The friction
coefficient is reduced.
2.2.7 Shot blasting
In shot blasting process, particles hit the material surface at high velocity, causing
plastic deformation of the material. Since the shape, size, hardness and velocity of the
particles are hard to be controlled, using shot blasting can create surface texturing with
random shape and dimensions.
Abrasive jet machining (AJM) is one of the forms of shot blasting. Abrasive
particles hit the material surface through a gas stream to create surface texturing. Two
method can be used to create surface texturing with certain dimensions: 1. Using a jet
nozzle with a tiny hole 2. Using a masking process. The first one is more beneficial since
it is cost effectively. The defect of this method is that the dimple size can only be as small
as a few hundred microns. Using the second method can produce dimples with diameter
to be as small as 50 μm [65]. Figure 2.14 shows the set up of AJM with masking process.
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Figure 2.14 Micro texture creation with masked abrasive jet machining process [66].
Pal et al. [67] created square texture with dimensions of 600×600 µm on tool
using AJM. Nakano et al. [68] used shot blasting to create surface texturing with width of
60 µm and depth of 6-10 µm for the improvement of tribological performance of sliding
surface
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2.2.8 Vibromechanical machining
In vibromechanical machining texturing (VMT), a single-point cutting tool
oscillates as it engages the rotating workpiece surface. The tunable oscillation of the tool
path can produce a variety of dimple size [69]. Figure 2.15 shows the VMT system.
Three degrees of controlled motion include the workpiece rotation about the X-axis, the
translation of the tool along the workpiece length Y-axis and an oscillatory motion that is
driven by a servo (Z-axis). This method is very cost effective, causing little damage to the
material surface and very precise [70]. However, the dimensions of surface texturing
created by this technique is limited. The depth ranges from 2-50 µm and the dimple
diameter is from 100-500 µm. This technique is usually applied on cylindrical workpiece
to reduce friction and wear.

Figure 2.15 Vibromechanical texturing system [70].
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2.2.9 Micro grinding
Micro grinding is a simple and cost effective technique that has been used
extensively to create grooves with small dimensions. Since micro grains are used for
grinding, only a small amount of material is removed. However, micro grinding is not the
first choice for surface texturing because creating accurate shape of texture might be a big
issue, and the grain size of the abrasive must be taken into consideration when the
workpiece is very small [71].
Micro grooves are usually produced by micro grinding. The width of the grooves
must be adjusted with the resolution of the product. So far, the width on the order of tens
of micron has been achieved, and smaller size of grooves are now being aimed at. The
fast development of micro grinding makes it possible to fabricate 2D/3D micro cavities
[72]. It can be applied on cutting tool for tribological performance. However, the aspect
ratio must be kept low because of the large grinding force. So only shallow dimples and
grooves can be obtained. Figure 2.16 shows the micro grooves created by micro grinding
on the rake face of a cutting tool with a diamond wheel V-tip. Xie et al. found that with
micro grooves on cutting tool, the wear on rake face can be reduced and the lifespan of
tool is increased [73].
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Figure 2.16 Micro-grooved tool created by micro grinding process [73].
2.2.10 Micro grinding
Figure 2.17 shows the process of micro casting studied by Canon et al. [74] In this
method, metal is cast into flexible silicone mold formed with micro-fabricated silicone
templates. Compared with LST, micro casting has more potential to be used in mass
production. Ramesh et al. [75] used micro casting to create texture with width of 28-113
µm and depth of 26-133 µm. friction was reduced by 80%.

31

Figure 2.17 Micro-casting process for creating micro textures [74].
2.2.11 Chemical-based adding material texturing
For chemical-based adding material texturing, a special ink is used to print a
certain pattern onto the substrate. The purpose of this ink is to form a patterned coating
that can prevent any electrochemical or chemical reaction during adding material process
[49]. When the substrate is metal, the electric discharge between the deposited material
and the substrate should be avoided by depositing a very thin coating on substrate before
the masking step.
The main advantage of this technique is that a variety of dimensions of texture
with different shapes can be achieved. It can be applied either on plane or cylindrical
substrate. The disadvantage is that it should be very carefully to choose the correct
deposited material, inhibitors and substrate materials. Texture height is limited for only
compatible components and depends on substrate materials. Besides that, since the size of
reaction chamber id limited, the size of substrate cannot exceed 500 mm. moreover, this
technique is unfriendly to environment because of the use of toxic gasses [76].
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2.2.12 Discussion
The techniques that has been discussed above can be divided into 6 categories: 1.
Melting and vaporizing (electric discharge machining); 2. ablation (laser surface
texturing); 3. material removal by external force (micro grinding, shot blasting and
vibromechanical texturing); 4. Dissolution (chemical etching and ECM); 5. Solidification
(micro casting) 6. Material addition.
For melting and vaporizing process, machining characteristics are determined by
thermal properties of materials, such as boiling point, melting point, hear capacity and
heat conductivity. Compared to material removal by external fore technique, the
influence of strength of the workpiece is less significant for melting and vaporizing
process, since the tool should no longer be stronger than the workpiece. Besides that,
little machining force is generated in this process, so that the damage to the material
surface can be minimized. The defect of this technique is that since the tools do not
physically contact with the workpiece, the dimension of the texture is not accurate. The
disadvantage of this technique is that the heat affected zone cause the surface of
workpiece to melt, some of this material will be cooled and resolidify on the surface.
These bulging materials change the surface structure in the way that we do not want to
see and may cause the failure of workpiece.
Ablation technique also produce HAZ. Using femtoseoncd and excimer laser can produce
very thin HAZ and minimize the negative effect caused by HAZ. However, this method
remove material slowly and the cost of the equipment is significantly high.
Techniques that based on removing material by external force such as micro
grinding can establish contact between tools and workpiece. So that good geometrical
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contact between the tool path and workpiece surface is obtained. Such benefit cannot be
achieved by shot blasting and vibromechanical texturing, where the abrasive or cutting
tool is movable. The main disadvantage of this technique is that the accuracy is affect by
machining force and the size of texture is limited by the elastic deformation of the
workpiece.
2.3 Methodology
2.3.1 Hydrodynamic lubrication
In order to understand the effects of surface texturing on increasing the
hydrodynamic pressure between two sliding surfaces, it is necessary to understand the
hydrodynamic effect induced by the wedges. The variation of lubricant pressure is
described by the Reynolds equation, which can be applied to sliding bearings to model
the hydrodynamic effect.
The micro craters can be regarded as micro converging wedges, so that they can
act as micro bearings shown in Figure 2.18. It can be found that a crater is composed of a
converging wedge and diverging wedge. The pressure increases in the converging area
and decreases in the diverging area. Only if the pressure increase in the converging area
is higher than the pressure decrease in the diverging area, the net pressure of the system is
positive, which can be achieved by the cavitation phenomenon [77]. the cavitation bubble
that is formed at each crater limits the local negative pressure to a critical value, so that it
is not enough to cancel out the pressure increase at the converging wedges [78].
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Figure 2.18 Textured surface composed of a plurality of micro bearings [79].
The effect of hydrodynamic pressure caused by surface texturing was found by D.
B. Hamilton et al. [80]. They observed the non-continuous lubricant films in seals caused
by cavitation streamers, which may be related with surface irregularities. A model based
on a two-dimensional Reynolds equation was established to predict the effects of surface
texturing on the load support in hydrodynamic lubrication. The load was put in a function
with number of asperities, asperity radius and asperity area. Etsion et al. investigated the
effect of surface texturing on mechanical seal and concluded that the optimal value of
crater density was 20%. The results obtained in this experiment was very close to the
results calculated by the mathematical model [81].
Etsion et al. developed models to study the effect of surface texturing on the
friction of cylinder liner and piston rings. They found that changing the crater density
from 5 to 20% only decreased the friction forces by less than 7%. So that the influence of
crater density on friction reduction was not significant. The effect of aspect ratio (crater
depth to diameter ratio) on friction force is affected by the number of craters. Figure 2.19
shows that as the number of craters increase from 6 to 24, the optimal aspect ratio that
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lead to the minimum friction force increases from 0.12 to 0.14. It can be also found that
then the aspect ratio is constant, increasing the number of craters can decrease the friction
force. L. Burstein et al. studied if the identity of the crater geometry had effect on film
thickness. They compared the model that use craters with different sizes with the model
that use identical size and no different between these two models was found. So it can be
concluded that the sizes of craters do not have to be identical. R. Rahmani et al. applied a
genetic algorithm to study how the shape, dimension and distribution of the craters
influence the friction reduction and load carrying capacity increase [83]. The shape of
craters was found to have significant effect on friction reduction when rectangular and
triangular craters were compared. The optimal values of crater size, density and number
highly depended on operating parameters.

Figure 2.19 2D simulation of the dimensionless average friction force versus depth/
diameter ratio for different number of pockets (Np) [82].
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With the application of mass-conserving algorithms to a cylinder liner and piston
rings system, the friction coefficient can be reduced by 73% and the film thickness
increased by 86% [84]. The optimal crater density was 30% for low convergence planeinclined bearing inlet. When it keeps increasing to a high value, the cavitation can form at
the bearing inlet, preventing the full hydrodynamic effect [85].
Laser surface texturing was utilized on SiC samples to study the transition
between different lubrication regimes [77]. The transition load was identified when a
sharp increase in friction coefficient was found, indicating the transition from
hydrodynamic to mixed lubrication. an optimal of crater density was found to be 2.8%.
when it was above 7%, the critical load of the textured surfaces was lower than that of the
untextured surfaces, due to the reduction of load supporting area. If the supply of
lubricant was limited, higher crater density and aspect ratio result in better tribological
performance. Costa et al. investigated the effects of texture shape on the film thickness.
Figure 2.20 showed that the film thickness of smooth surface was smallest and chevronlike texture exhibited larger film thickness compared with channels and pockets.
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Figure 2.20 Minimum film thickness at mid-stroke (ho max) during lubricated
reciprocating tests for different normal loads and texture patterns [86].
2.3.2 Elastohydrodynamic lubrication
Under high contact pressure, such as ball bearings and gear teeth, the two sliding
surfaces can still be separated despite the very high pressure due to the large increase in
the lubricant viscosity and the elastic deformation of the bearing surfaces [87]. The effect
of surface texturing for non-conformal contacts was investigated since 1970’s. Several
researches done by optical interferometry in EHL lubrication showed that the surface
topography is involved in the lubrication process [88]. This study found that transverse
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grooves and ridges would enhance the film thickness, while the longitudinal grooves had
negative effect on film thickness.
Many numerical simulations have been done to study the surface texturing in
EHL. A model was established to for a line contact using a mass-conserving equation
[89]. The results showed that the optimal aspect ratio was 0.2 for the minimum friction
coefficient. When it was above 0.2, the existence of cavitation reduced film thickness. L.
Mourier et al. concluded that shallow craters increased film thickness, while deep craters
caused film to collapse [90]. The results showed that when the depth of the craters was
lower than 1 µm, the viscosity of the lubricant was high, which can benefit the generation
of thick films in non-conformal contacts. I. Krupka et al. found that the film thickness
increased if the width of the craters was narrower than the contact width [91].
2.3.3 Mixed lubrication
Kovalchenko et al. found that the friction coefficient was significantly reduced in
mixed lubrication as shown in Figure 2.21, since the surface texturing expanded the load
and speed range in which the mixed or hydrodynamic lubrication occurred. The
untextured samples showed clear transitions between the different lubrication regimes.
While the textured surfaces showed a stable and low friction coefficient in mixed
lubrication. Surface texturing also shifts the transition from mixed to hydrodynamic
lubrication to lower velocities. Braun et al. studied the influence of the crater diameter by
keeping the crater density at 10% and the aspect ratio at 0.1 [93]. For 100 ℃, a friction
reduction of 80% was found for surface texture with small diameters (40 µm). In 50 C,
the optimal diameter was 200 µm. It has been concluded that friction reduction was
influenced by both the number of crater edges in contact and the possibility to build up a
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flow in the craters. These two factors depended on the crater size. Segu et al. [94]
proposed an approach to enhance the tribological performance by the combination of two
different textures on the same surface. A faster transition and lower friction coefficient
can be obtained when combining dimples and ellipses for conformal contact.

Figure 2.21 Impact of LST on transition in lubrication regime as result of accelerated ball
wear [92].
The failure of oil film is defined as the sudden increase of friction coefficient. It
indicates the either the change in the lubrication regime, the collapse of the oil films or
the occurrence of surface failure. Blatter et al. [95] studied the oil film lifetime of micro
grooves with rough or smooth finish. Smooth grooves resulted in less wear and an
extension of the oil film lifetime. It was concluded that sharp edges should be avoided as
they can increase the wear volume. Andersson et al. [96] studied the effect of crater
density at 8 and 30% on the film lifetime. They defined the failure of the oil film if the
friction coefficient reached 0.2. the results showed that both crater densities improved the
tribological performance. Surface texture with low density, small aspect ratio lubricated
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by high viscosity oil improved the film lifetime by a factor of 100. Duarte et al. [97]
investigated the effect of texture shapes on the film lifetime. It was found that dimples
and crosshatches with larger depth significantly increased the film lifetime.
2.3.4 Boundary lubrication
In boundary condition, the lubrication is achieved by forming a tribochemical
reaction layer, which is attached to the sliding surfaces by chemical bondings. The
lubricating film is sheared off to protect the substrate [98]. The film is formed by the
addition of antiwear particles, that can react with the iron. The material properties of both
sliding surfaces such as hardness, elasticity and roughness are crucial in determining the
friction and wear. After surface texturing is applied on a smooth surface, the roughness is
likely to increase, so that the friction coefficient increases in boundary condition. The
dimple edges result in edge stresses as shown in Figure 2.22. The edge stresses will cause
additional resistance to the movement of sliding surfaces, resulting in the increase of
friction coefficient. So it is crucial to reduce the number of discrete dimples to obtain
better tribologcial performance in boundary condition.

Figure 2.22 Contact pressure distribution (Hertzianstresses) of a circular dimple under a
load of 40kg on a polished 52100 steel disk. The edge angle influences the stress intensity
at the edge [99].
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Pettersson et al. concluded that if the lubrication was nor adequate, then the
tribosystem was similar to dry contact. Grooves can trap the wear debris to reduce the
abrasive wear until the grooves were fully filled. In some case, the surface texturing can
cause wear due to the increased roughness and shrinking of the load bearing area, which
increase the contact pressure. Hsu et al. Concluded that dimples with small depth can
reduction friction [100]. They summarized the guideline to design texture. Surface
texturing for boundary lubrication can be designed to allow for the generation of
hydrostatic reaction force. For hydrodynamic lubrication it can be designed to generate
hydrodynamic pressure. For different lubrication regimes, the design of surface texturing
is also different to obtain the best tribological performance. In some situation, such as
engine components, they operate under all three lubrication regimes. To solve this
problem, a self-adaptive surface texture was designed by Hsu et al. [101]. Under
hydrodynamic lubrication, the contact pressure is low, so large shallow dimples should be
used. While in boundary lubrication the contact pressure is high and small deep dimples
can generate hydrostatic force. Therefore, they combined these two features on the same
surface and good tribological performance can be obtained across different lubrication
regimes.
2.4 Stribeck curve
Oil lubricant can reduce the friction between two sliding surface by filling the
surface cavities and separating the surfaces. Lubrication is a process whereby the friction
and wear are reduced. There are many examples in the world that lubricant successfully
works: lubricant can reduce the force required to turn key and move bolt in a lock;
lubrication reduce the wear in linkages that lift the window glass in cars. Lubricant with
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low viscosity can provide low friction. The advantages of lubrication other than reducing
friction and wear are: reducing instant failure; reducing fatigue failure; and reducing
stress concentration. A variety of applications include transmission; bearings; cams;
journal and seals.
When applied in different situation, the requirements for the lubricant are quite
different. For cylinder liner and ring, lubricant must form a film to separate the surfaces
and reduce the friction and wear to improve the energy efficiency. The adhesion ability of
lubricant to the surface should be good. The lubricant cannot decompose under high
working temperature and pressure. For journal bearings, lubricant should be able to
support heavy load, avoid contact stress and dampen vibrations. For bone joints, lubricant
should contain proteins and minerals and decrease friction coefficient to about 0.01.
The thickness should be kept at a appropriate value so that the wear can be
reduced and shearing inside the lubricant layer can be avoided. The thickness of the
lubricant is determined by the application. Thick lubricant layer is governed by Reynolds
rule, the shear stress is large so that the friction is higher than that for thin lubricant film.
Based on the value of dimensionless film parameter Λ (Film parameter is determined by
film thickness and composite surface roughness), lubrication can be categorized into four
parts: boundary lubrication when λ < 1; mixed lubrication when 1 < λ <3;
elastohydrodynamic lubrication when 3 < λ <5 and hydrodynamic lubrication when λ > 5.
Peak surface roughness is usually three times the average roughness of the surface, so λ >
1 does not mean that the two sliding surfaces are separated. To avoid wear and minimize
the friction, a complete separation should be made between asperities on both surfaces. It
can be achieved when λ > 3. Wear debris can shift the lubrication regime from
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hydrodynamic lubrication to mixed or even boundary lubrication, as shown in Figure
2.23.

Figure 2.23 Foreign particles/wear debris shift hydrodynamic/elastohydrodynamic
lubrication in boundary/mixed lubrication
2.4.1 Boundary regime
Boundary lubrication is defined as a condition when friction between the two
sliding surfaces is determined by the properties of the surfaces and lubricant instead of
viscosity. A very thin film (0.1 μm) is formed to separate the sliding surfaces and reduce
the friction and wear. Since two surfaces are too close to each other, the solid asperities
dominate the contact. Boundary lubrication forms an easily sheared film so that the
adhesive and chemical wear can be minimized.
Compared with hydrodynamic and mixed condition, friction and wear under
boundary condition is the most severe. It is very important for researchers to know in
which regime a contact operates. Boundary condition is mostly found under high load
and low speed in bearings, gears, piston rings, pumps and transmissions. It is the critical
regime that limit the lifespan of the components. In heavily load bearing, the fluid cannot
completely support the load by its viscosity, so that high fluid pressure is needed until the
fluid film is established.
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Hardy investigated the role of hydrocarbon on static friction in boundary
condition. It is found that the molecular layers absorbed on the solid surfaces play an
important role. Further research on boundary film physics and chemistry led to the
development of molecular theories of lubrication. Zisman studied the friction reduction of
monolayer for various molecules and developed a monomolecular layer lubrication
model. Vegetable oils are particular effective used for boundary condition. The
performance of boundary lubrication is affected by attraction of the lubricant molecules
to the surface and the reaction between them. The unsaturation of the fatty acid has a
little effect on the lubrication, while raising the concentration of oxygen in the oil
improve the lubrication. The durability of boundary films composed of monomolecular
fatty acid was investigated. The agglomerate was found during the operation under
boundary lubrication. It is composed of several substances from the deterioration and
recombination of fatty acid. The monolayers may be affected by bond breaking or
chemical reaction with the contacting surface, resulting in the formation of in materials
with different physical properties and thickness form the initial monolayer.
Several mechanism was investigated about how boundary lubrication operate:
sacrificial layer; low shear interlayer; friction modifying layer; shear resistant layer and
load bearing glasses. For a sacrificial layer (oxide layer), the tribological reaction
products can be renewable by rubbing. shear stress removes the low shear interfacial
layer. The low shear interlayer is solid lubricants with weak interlattice forces between
shear planes. The sliding of the lubricant molecules prevents the surface from contacting.
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2.4.2 Mixed regime
Mixed

lubrication

is

also

called

partial

lubrication

where

both

elastohydrodynamic lubrication and solid contact occur. The load is supported by fluid
and asperities together. Some engine components such as pistons rings and cams operate
in mixed lubrication, as well as bearings when under heavily instantaneously load. Many
researches were done to predict the friction in mixed lubrication due to the interaction
between the complex surface topography and the fluid pressure. Compared to mixed
lubrication, hydrodynamic and elastohydrodynamic lubrication are simpler to understand.
Mixed lubrication is also a bridge from boundary lubrication to hydrodynamic lubrication.
So analysis of mixed lubrication is important for a system design engineer.
Schipper et al. concluded that the transition between the mixed and the boundary
lubrication is controlled by the product of the lubricant viscosity and sliding velocity
[102]. While it is independent of the contact pressure. However, they found that the
transition between the elastohydrodynamic and mixed lubrication depends on the contact
pressure. Therefore, they concluded that the film parameter Λ is pressure dependent and
cannot be a constant as mentioned in the literature. Another conclusion from their
research is that a contact operating in the mixed lubrication at a constant product of
viscosity and sliding velocity will not enter the boundary lubrication when the contact
pressure is added. This is because the transition between the mixed and boundary
lubrication is pressure independent. He concluded the rules of the lubrication parameters
as a function of the contact pressure shown in Figure 2.24. It becomes possible to predict
in which lubrication condition a contact operates.
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Figure 2.24 Use of a lubrication parameter to characterize lubrication regime transitions
[102].
2.4.3 Elastohydeodynamic regime
Elastohydrodynamic lubrication (EHL) is a type of hydrodynamic lubrication
where significant elastic deformation of the surface occurs with the influence to the shape
and thickness of the lubricant films. The term indicates the importance of the elastic
deflection of the bodes in contact in the development of the total lubricant film. EHL is
used to decrease the friction and wear in tribological contact. EHL has characteristic
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feature, such as contact film thickness and Hertz contact pressure profile within the
Hertzian contact area, shown in Figure 2.25.

Figure 2.25 Hertz contact pressure vs. elastohydrodynamic pressure [103].
It shows the distribution of film pressure and film thickness between two
cylinders in rolling contact. The EHL contact starts with a slowly converging inlet region
where the lubricant is entrained and hydrodynamic pressure is generated. The film
pressure gradually increases in the inlet region until it reaches the leading edge where the
pressure quickly rises to the point that equal to the Hertzian contact stress. Under high
pressure, the lubricant viscosity increases rapidly to the extent that the lubricant cannot
escape. Within the Hertzian region, the bodies of two cylinders are separated by a film
with constant thickness. At the end of the Hertzian region, the film pressure follows the
Hertzian pressure, except for a sharp spike in pressure at the outlet. After that, the film
pressure drops dramatically to atmospheric pressure.
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In the inlet region, the lubricant that is absorbed on the surfaces is entrained into
the EHL contact by the rolling motion of the bodies. Entrainment of the lubricant is
facilitated by its viscosity increase because the high viscosity resists flow, making it more
difficult to squeeze the lubricant out. As a result, the inlet pumps the film up to a
thickness that is sufficient to separate the two surfaces. The thickness of EHL film is
determined by the viscosity and pressure-viscosity coefficient of the lubricant in the inlet
region. For a gear, the lubricant is attached to the surfaces of the wheel teeth and consists
of boundary layers. Consequently, EHL film thickness is determined by the equilibrium
bulk surface temperature in the inlet region before the lubricant reaches the Hertzian
region. In a EHL contact, only a part of the lubricant can pass through the contact. Some
other lubricant is rejected and reversely flow. If sliding also exists, heat is generated by
shearing the lubricant.
As the lubricant leaves he Hertzian region, film pressure tends to boost the
lubricant flow toward the outlet region. The amount of lubricant within the contact is
controlled by the inlet and continuity of flow can only be maintained if there is a local
restriction in the outflow. This is the point where the minimum film thickness can be
obtained. The contact pressure between the surfaces is negligible in the area of the
minimum film thickness. The divergent region of the outlet generates negative pressure
that causes dissolved gases in the lubricant to come out of solution.
2.4.4 Hydrodynamic regime
Hydrodynamic lubrication occurs when these two sliding surfaces are perfectly
rigid and retained their geometric shape during the operation. It is used to support load
without causing any wear of machine components. In hydrodynamic lubrication, the
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lubricants completely separate the surfaces. At the beginning of the 20th century,
hydrodynamic lubrication was proposed based on the work of Navier and Stokes.
Reynold equation was widely validated for continuous liquid films operating under
restricted conditions, including the flow of the fluid has a Newtonian character; the fluid
is incompressible; the viscosity of the fluid is constant; the contact surfaces of the solid
bodies are very smooth; the contact surfaces of the two surfaces are separated by a fluid
film operating under laminar conditions; the relative speed of the fluid in direct contact
with a surface is zero and the fluid is inactive from the chemo-physical point of view
against the solid bodies it contact. These restricted conditions do not apply in the
practical situations, including rubbing and abrasive machining contact. In a sliding
bearing, the lubricant is represented in the form of a fluid film compelled to flow through
the contact interface. The fluid film is thick enough to prevent physical contact between
the friction couple elements. In hydrodynamic lubrication, the couple elements may
function without wear. The problem occurs at start and stop, when the sliding speed is
relatively small, the fluid film is not developed.
2.5 Plasma technologies
2.5.1 Plasma transferred wire arc
As is known that the wear resistance of the aluminum is low, many process can be
used in order to improve the wear resistance and lifespan of the engine bore made of
aluminum, including using cylinder liners, using a hyper-eutectic AlSi-alloy to
manufacture engine bore and depositing a layer of a hard coating on the bore surface.
Using a thermal spray process to apply a hard coating on the cylinder bore is becoming
popular recently. The advantages of this method are very obvious: low cost (can be less
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expensive than cast iron cylinder liners); high compatibility (allow the use of standard
pistons and rings); and no need to worry about the problems caused by cylinder liners.
Plasma transferred wire arc (PTWA) was developed by Flame-Spray Industries and the
Ford Motor Company. The plasma generator consists of a tungsten cathode, an air-cooled
pilot nozzle and an electrically conductive wire serving as the anode. The set up of
PTWA is shown in Figure 2.26. The torch head is mounted to a barrel that can rotate at
about 600 rpm. The wire is placed perpendicularly to the orifice of the nozzle. The
plasma gas is flowing to the head. Usually the plasma gas is a mixture of argon and
hydrogen gas. A high voltage is needed to initiate the plasma, which ionizes the gas
mixture between the cathode and nozzle. The plasma leaves the nozzle at very high speed
due to the geometry of the orifice and reaches the wire. Current of about 60-100 A is
needed to maintain the plasma, with the arc voltage of 100-120 V. The wire is kept
melting during the process and the high-pressure plasma gas together with the
compressed air strip the molten particles from the tip of the wire. After that, a stream of
extremely finely atomized particle is formed and accelerated onto the surface of substrate
at high speed up to 130 m/s. So that a very dense coating can be formed with a porosity
less than 2%. PTWA is usually used to coat cylinder liners with diameters ranging from
35-350 mm.
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Figure 2.26 Schematics of the PTWA system (left) and the torch head (right) [104].
The mechanism of bonding between the atomized particles and substrate surface
is mechanical interlocking. Due to the kinetic energy and the viscosity of the molten
atomized particles, they can flow around the asperities on the substrate surface before
they solidify. Locking mechanism is caused by the contraction strain of the solidifying
particles. So that a rough surface is essential to establish strong bond with atomized
particles. The schematic of the bonding is shown in Figure 2.27.
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Figure 2.27 Formation of a thermally sprayed coating [104].
The standard process to roughen surface for PTWA in industry is grit blasting.
However, grit blasting cannot be used to prepare the surface of cylinder liner. Since the
grit such as corundum may stay in the internal passage of the engine block, which may
cause engine breakdown if they come out during the operation. Another option to
roughen surface is high pressure water jet blasting. Due to the high kinetic energy of the
water stream, a finely modified topography that is suitable for the bonding with
atomizing particles can be obtained. However, this process is expensive because of the
high pressure water pumps.
It’s needed to find out a proper surface roughening process that can be done to the
cylinder liner of the engine block. A fine machining process was developed by the
Institute of Machine Tools and Production Technology of Braunschweig University.
During this process, a tool with a mechanically defined cutting edge is used to modify the
surface with different topography. One example of the application of this process is
shown in Figure 2.28. A dove-tail like surface profile was produced by the fine
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machining process and a very high bond strength between the coating and the substrate
was achieved of about 60 MPa, which is twice as much as the recommended value of 30
MPa [104].

Figure 2.28 Cross section of a PTWA-sprayed and honed steel coating on a mechanically
roughened substrate [104].
G.Darut et al. [105] used PTWA to coat the cylinder bore and studied the
tribological performance of the coating prepared at two different arc current intensities:
85A and 150A. Figure 2.29 shows the cross section of steel coatings sprayed with two arc
current intensities. The thickness, oxidation level and the porosity of the coating are
shown in Figure 2.30. It can be found that with a higher current, the deposition rate is
increased from 29 µm/pass to 48 µm/pass. The oxidation level at bore top is very
different for two current intensities due to the different suction caused by the torch
design. The porosity value is constant through the bore for 85 A torch, while for 150 A
torch, the porosity at the bore bottom is much higher due to the insufficient suction
according to the higher amount of melting particles and dust. Very thick coating with
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thickness if 1 mm can be obtained without change to the microstructure. Friction was
decreased by 20% after honing process compared to cast iron cylinder liner. Coating with
higher Ra and Rvk values showed lower friction than a smoother coating.

Figure 2.29 Cross sections of coatings applied at 85 and 150 A [105].

Figure 2.30 Thickness, oxidation and porosity of coatings manufactured at 85 and 150 A
[105].
2.5.2 Chemical vapor deposition
Chemical vapor deposition (CVD) process is widely used in industries since this
technique can deposit a variety of elements on target surface. In CVD process, the

55

gaseous chemical reactants are transferred to reaction chamber, activated by plasma near
the substrate and form a solid deposit on the substrate surface. A uniform thin film with
low porosity can be deposited on substrate with complex shape. CVD process is widely
used to deposit protective coating to increase wear and corrosion resistance.
In Plasma assisted CVD (PACVD) process, the gas molecules are ionized by
electron impact. Neutral, radical and ion species are formed from the dissociation. These
species react with the molecules on the substrate surface via free radical mechanism. The
temperature during the deposition process can be controlled lower than 300 C as the gas
is activated by electrons, not thermal energy. A schematic of a microwave PACVD is
shown in Figure 2.31.

Figure 2.31 Schematic diagram of the DC PACVD system [106].
The advantages of PACVD include: depositing at very low temperature; ability to
deposit the heavily hydrogenated amorphous silicon films for solar cells; strong bongding
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between films and substrate; and high deposition rate. However, the limitation of this
technique is also obvious: loose films caused by the defects; inability to deposit pure
materials; and difficulty to control stoicheiometry.
2.5.3 Physical vapor deposition
Physical vapor deposition (PVD) has a wide application, including decoration,
superconducting film and wear resist coating. It can be divided into three categories:
sputtering, evaporation and cathodic arc according to the mechanism whereby the
element is transferred to the vapor phase. The bombardment of the energetic species from
the plasma to the substrate surface plays an essential role in forming the thin film. To
deposit a dense thin film, electron energy should be in the range of 10-103 eV, the
electron density should be in the range of 1012-1013 cm-3.
Sputtering is the process of momentum transfer from an incident energetic
projectile to a solid or liquid target resulting in the ejection of surface molecules. In
sputtering deposition, the target and substrate are placed in a vacuum chamber, where the
pressure is evacuated to a very low value from 10-4 to 10-7 torr. A schematic of sputtering
deposition is shown in Figure 2.32. The chamber is filled with argon gas and a glow
discharge is initiated. The target is connected to a negative power supply, severing as a
cathode. It is either the source of coating materials or the source of secondary electron
that can sustain the glow discharge. And the substrate is placed facing the target
connected to the positive power supply. The distance between the cathode and anode is
about 5 -10 cm. The discharge current increases with the applied voltage, resulting in the
increase of sputtering rate. But the current does not increase linearly with the voltage that
is above 100 V, as the ionization cross section decreases with the increasing electron
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energy. The deposition rate is mainly determined by the power density at the target
surface, the size of the erosion area, the gap between the cathode and anode, target
material and the working pressure. The optimal parameters can be obtained when the
maximum power can be applied to the target surface without causing cracking.

Figure 2.32 Schematic of sputtering in argon TCP plasma [107].
In evaporation process, vapor is produced by heating a source. A schematic of an
evaporation deposition is shown in Figure 2.33. The heat source can be chosen from
resistance, induction, arc, electron beam and laser. The vacuum chamber is kept at a very
low pressure from 10-5 to 10-10 torr. The evaporated atoms undergo a collisionless line of
sight transport prior to condensation on the substrate because of the very large mean free
path (102 to 107 cm). in some situation, argon is introduced into the chamber to reduce the
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mean free path so that vapor species can undergo multiple collisions on the way from the
target to the substrate, leading to the formation of a uniform think film on the substrate.
Several issues should be considered: 1. chemical interaction would happen between the
target material and the evaporant, leading to the impurities of the film, 2. reaction
between metallic material and evaporant could occur, 3. the power density varies greatly
with the use of different heating sources.

Figure 2.33 A schematic of an evaporation deposition [108].
In arc evaporation, a discharge is self-sustained in a vapor and supports large
currents by electron emission from the cathode. Two kinds of arc system are used: pulsed
and continuous. In the pulsed system, the arc is ignited repeatedly. So that the target has
chance to be cooled between each pulse. However, the deposition rate is affected. The
continuous arc can be either controlled or random. A random arc can be produce by using
an insulating ring. The advantages of random arc are simplicity and the high utilization
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rate of the target. The disadvantage is the formation of large particles that may cause the
coating to be loose.
2.5.4 Plasma electrolytic oxidation
Conventional anodic oxidation is carried out in various solution that can passivate
the titanium surface, forming coating of amorphous hydrated oxide [109]. The coating
produced by this technique is poor in corrosion resistance. To solve this problem, a
relatively new technique that applying high voltages to produce crystalline film has been
developed, known as plasma electrolytic oxidation (PEO). In PEO process, the growing
film is modified by micro discharges that are initiated by increasing voltage exceeding
the breakdown voltage of the oxide film. Since the rapid growing and extinguishing
speed, the temperature of the metal surface is only from 100-150 C. However, the
temperature and pressure inside the discharge channel can reach 103 to 104 K and 102 to
103 MPa, respectively. The interactions between the substrate and the electrolyte can
cause the formation of melting and substantially quenching process of the oxide and
finally the compounds of both the substrate materials and electrolytes elements on the
metal surface.
PEO treatment is usually carried out at voltages from 400-1000V and current
densities from 500-2000 A/m2. PEO treatment is usually done on the light metal, such as
Titanium and Aluminum. And the electrolyte is usually alkaline, including silicates,
aluminates and phosphates [110] that can passivate the metal surface. However, these
electrolytes are not suitable to material balance evaluations because the passivating
anions inhibit the process of aluminum dissolution; chemical analysis of complex
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electrolytes and coating is difficult; and the oxidation kinetics are affected by the
electrolyte components incorporated into the oxide film [111].
A.L. Yerokhin et al. used AC PEO to form oxide films on a Ti-6Al-4V alloy in
aqueous solutions combined of aluminate, phosphate, silicate and sulfate anions [112].
They studied the microstructure, composition, tribological properties and corrosion
resistance of the coating. The results showed that the film composed mainly of Al2TiO5
and TiO2 were dense and uniform. The thickness, micro hardness of the film was 50-60
µm and 575 kg/mm2, respectively. The wear rate is 3.4×10-8 mm3/Nm, which was very
low. However, a high friction coefficient of 0.6-0.7 was obtained against steel, caused by
material transfer. A minimum friction coefficient of 0.18 was recorded for softer rutileanatase film. The corrosion resistance in NaCl solution was also good.
R.O. Hussein et al. utilized OES to study the discharging behaviour during the
PEO process [20]. The schematic is shown in Figure 2.34. The OES simultaneously
recorded spectra from the discharging. The measurement and analysis of the wavelength
emissions from the plasma provided a valuable tool for the research of PEO process. The
results showed that the plasma concentration was ranging from 1.5×1022 m-3 to 2.4×1022
m-3 for PEO process at a current density of 0.15 A/cm2. Plasma electron temperature was
found to be from 4500 K to 10000 K. Based on the locations of discharging intensities,
three plasma discharge model had been established, including metal-oxide interface
discharge; oxide-electrolyte interface discharge within the coating upper layer and oxideelectrolyte interface discharge at the coating top layer. The different discharging model
resulted in different plasma concentration, temperature and surface morphology.
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Figure 2.34 Schematic diagram of the experimental apparatus [20].
2.5.5 Plasma electrolysis saturation
Plasma electrolysis saturation (PES) is a relative new technique that can treat the
ferrous alloy materials, such as mild steel. This technique is very suitable for mass
production because of the short treating time and simple equipment configuration. It can
be used to treat workpiece with complex shape since the workpiece is placed in electrylte
and surrounded by uniform plasma. Plasma electrolytic nitrocarburising (PEN/C) is one
type of PES. Although the conventional plasma technique can improve the tribological
properties of steel, a reduction in corrosion resistance is usually found due to the grain
boundary precipitation of CrN and ferrite stabilization [113]. Below 400 C, a
monophased layer of austenite that shows high corrosion resistance can be formed in DC
plasma nitriding [114], ion nitriding [115] and plasma immersion ion implantation [116].
Thus, in order to control the near surface temperature to be lower than 400 C, two typical
PEC/C process is developed. To further improve the tribological properties of the steel, a
diamond-like-carbon (DLC) is deposited by plasma immersion ion-assisted deposition.
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Figure 2.35 shows a schematic of PES, very similar to that of typical bath
electroplating. Steel sample is connected to the negative power supply, serving as a
cathode. A stainless steel plate is immersed in the electrolyte connected to the positive
power supply as an anode. The area of an anode is usually much larger than that of a
cathode. The distance between these two electrodes are flexible. Usually 10 mm is
required. Electrolyte can be chosen from urea, (NH2)2CO and other solution that is for the
adjustment of electrical conductivity and PH. The decomposition of urea occurs near the
anode and the reduction of ammonia is formed neat the cathode. Both reactions are
involved with the formation of gas: inactive molecular nitrogen is generated near the
anode; and active nitrogen and hydrogen are formed on the surface of cathode.

Figure 2.35 A schematic of PES [117].
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CHAPTER 3
Experimental procedures
3.1 Sample preparation
Gray iron (Fe: 93%, C: 3%, Mg: 0.8%, P: 0.1%, Si: 2%, S: 0.05%) samples were
polished with grit 1200 sand papers and ultra-sonic cleaned with acetone. Two
dimensions of cast iron samples were made. The block shape (20×20×8 mm3) was used
for low sliding speed tribotests and the ring shape (outer diameter: 100 mm and inner
diameter: 70 mm) was used for high sliding speed tribotest. As shown in Figure 3.1,
during CPE process the sample and the nozzle acted as cathode and anode, respectively.
The electrolyte (25-30 g/L Na2CO3 dissolved in deionized water) was pumped (1.5
L/min) to the nozzle and uniformly sprayed to the sample surface. The cathodic plasma
discharging process was conducted at different voltages for about 1 minute. The gap
between the nozzle and sample surface was set to be about 6 mm. When uniform plasma
envelope was built, the current density was 1.5 A/cm2. During the whole process, the
temperature of the electrolyte was kept at 35-40℃ with the chiller.
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Figure 3.1 The experimental facility of CPE process.
3.2 Honing
A brush was used to polish the CPE treated surface to obtain expected roughness
as shown in Figure 3.2

Figure 3.2 Honing tool.
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One honing cycle means the brush went forward into the cylinder and went
afterward once as shown in Figure 3.3

Figure 3.3 Honing process.
3.3 Replication
In order to study the surface morphology of the CPE treated cylinder liner, a
silicon mold was used to replicate the morphology. A gun was used to inject the silicon
mold onto the surface of cylinder liner. (Figure 3.4 and 3.5)
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Figure 3.4 Replicating gun.

Figure 3.5 Replicating process.
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3.4 Surface roughness test
The surface roughness Ra (μm) of the modified surface was measured by the
surface profilometer (Mitutoyo SJ-201P, Figure 3.6) with a data-summarized system.

Figure 3.6 Mitutoyo SJ-201P surface profilometer: (a) the detector, and (b) a
characteristic surface profile plot [118].
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3.5 Surface morphology and hardness
The surface morphology was observed by Scanning Electron Microscope (FEI
Quanta 200 FEG). and optical microscope. As shown in Figure 3.7. The surface hardness
of all modified surfaces was measured by a microhardness tester (Figure 3.8) with
indentation load 0.0981 N.

Figure 3.7 (a) Optical microscope, and (b) Scanning Electron Microscope (FEI Quanta
200 FEG) used in the present study.
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Figure 3.8 Buehler MicroMet II micro-hardness tester.
3.6 Low speed pin-on-disk test
The friction coefficients of all samples were measured by pin-on-disk tribotests
(Figure 3.9). The lubricant (5W20, 0.05 mL) was dropped on the counterface (SAE
52100 steel ball, 5.5 mm diameter) to simulate the boundary lubrication condition. The
load was 5 N and the sliding speed was 0.05 m/s. The sliding distance was 100 m for
each sample. After the tribotests, the stylus profilometer was utilized to obtain the
sectional profiles of the wear track at different locations. Then the sectional areas were
calculated using a commercial software program. The volume loss was calculated based
on those areas and used to evaluate the wear resistance.
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Figure 3.9 Experimental instruments of low speed pin-on-disc tribotester.
3.7 High speed pin-on-disk test
As shown in Figure 3.10, the rotational speed of the tester could reach 960 rpm
corresponding to sliding velocity of about 4.5 m/s. All the tests were conducted at room
temperature with SAE 5W20 as the lubricant. AISI 52100 steel balls (62 HRC, 6 mm in
diameter) were used as pins with a normal load of 5 N. During the tribotests, the sliding
velocity increased from 0 to 4.5 m/s, and the friction coefficient (COF) vs. Sliding
velocity curves were recorded.
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Figure 3.10 High speed pin-on-disk tribometer.
3.8 Crater size measurement
A computer software named ImageJ was used to analyze the crater size and its
distribution. To begin, the target SEM picture as shown in Figure 3.11 was input to the
software. And then use the “Threshold” function in the software to turn the picture into
black and white (Figure 3.12). The black area showed the region of craters. So the area of
each back area was the area of the corresponding crater. However, due to the quality of
picture, the shape of the black region cannot fully represent real shape of the craters. The
area of the craters cannot be roughly calculated in this way. After that, use “Analyze
particles” function in ImageJ to calculate the area of each craters (Figure 3.13). A
summary of all craters were also given as shown in Figure 3.14. From the result, the
average area of the crater was 1.724 μm2. So the average diameter of the crater was about
1.48 μm.
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Figure 3.11 An example of CPE treated sample.

Figure 3.12 Image after “threshold” process in ImageJ.
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Figure 3.13 The area of each craters.

Figure 3.14 The average area of all craters.
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CHAPTER 4
Plasma texturing for friction reduction in low sliding speed

Cathodic plasma electrolysis (CPE) was used to create surface texturing on cast
iron samples within 1 minute, which could reduce the friction and increase the wear
resistance. During the treating process, cast iron sample served as a cathode where the
plasma discharging occurred, increasing the surface hardness and leaving an irregular
array of micro craters on the surface to match the microscale dimension of oil film
thickness in boundary lubricating regimes. Modified surface morphology was determined
from scanning electron microscope (SEM) and surface profiler. Recessed and protruded
surface textures were observed when the CPE was applied at low and high voltages,
respectively. Pin-on-disk tribotests were conducted on CPE-treated samples as well as
blank sample and cross-hatched sample as references. The results show that the CPEtreated samples can have lower coefficients of friction and higher wear resistance than
the references.
4.1 Methodology
The formation of micro craters was illustrated in Figure 4.1. During the CPE
surface texturing process, the sample surface was covered by the gas bubbles generated
from the water electrolysis. The applied voltage across the electrodes mainly dropped in
the gaseous envelope, resulting in the accumulation of the electrons and thus, the
extremely high electric field in the gas bubbles. As the electric field increased to the
critical value (106 ~108 V/m), the gas was ionized, forming plasma discharges. The
sample surface was melted by the extremely hot plasma core (6000-8000K) [20].
Meanwhile, the explosion of the gas bubbles resulted in the shockwave that bombarded
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the molten surface, leaving with a substantial micro craters41as shown in Figure 4.1 (d).
During the formation of craters, the molten cast iron was pushed by the shockwave and
then solidified around the craters, forming the rim.

Figure 4.1 (a) hydrogen bubble was formed on the metal surface due to the water
electrolysis, (b) plasma was initiated in the bubble, (c) the explosion of hydrogen bubble
generated shockwave that blew away the melting metal, leaving with crater, (d) cross
sectional SEM of the crater.
The variation of skewness and kurtosis along with increasing applied voltages is
shown in Figure 4.2. When the applied voltage was at which the plasma initiated, the
skewness was very close to 0 although it was negative. The skewness dropped slowly
until the voltage increased to 220V. At 240 V, the skewness steeply decreased to its
valley point of about -2. After that, it started to increase till the maximum voltage was
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reached. It was noticed that the skewness of sample at 300V became positive with very
large value, which indicated that the surface morphology of this sample might be very
different from the other ones. Unlike the behaviors of skewness, the kurtosis kept
increasing from 180 V to 300 V. But the increasing rate dramatically rose as the voltage
reached 240 V.

Figure 4.2 Skewness and kurtosis of samples treated at different voltages.
The skewness and kurtosis vs. applied voltage curves demonstrated that different
types of surface texture can be obtained and controlled by changing the applied voltages.
At low voltage, the plasma discharging energy and density were very low, resulting in
tiny craters. In this case, the skewness was close to 0. As the applied voltage increased,
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the plasma discharging energy and density also increased, resulting in larger craters
[Figure 4.3 (a)-(b)]. Correspondingly, the skewness became more negative while the
kurtosis became larger. This recessed texture, as illustrated in Figure 4.3 (c), was
expected to decrease the friction. Under extremely high voltage, those craters became
even larger and could overlap [Figure 4.3 (d)-(e)]. This would lead to a different shape of
texture as illustrated in Figure 4.3 (f). The protruded texture would increase the friction,
because the lubricant cannot be stored inside these craters. In this work, four typical
samples, including Rsk ≈ 0 & Rku ≈ 3 (220 V, sample S1), Rsk < 0 & Rku ≈ 3 (240 V,
sample S2), Rsk ≈ 0 & Rku > 3 (280V, sample S3) and Rsk > 0 & Rku > 3 (300V,
sample S4), were chosen for tribotests.

Figure 4.3 (a) Small hydrogen bubbles were formed at low voltage, (b) plasma was
initiated in the bubbles and small heat affected zones were formed, (c) recessed surface
texture was created with negative skewness, (d) large hydrogen bubbles were formed at
high voltage, (e) Plasma with high energy was initiated and large heat affected zones
were formed, (f) protruded surface texture was created with positive skewness.
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4.2 Surface characteristics
S1, S2, S3 and S4 were cast iron samples that were treated by CPE process at
220V, 240V, 280V and 300V. The characteristics of CPE modified surfaces were listed
in Table 4.1, including roughness, root mean square roughness, skewness, kurtosis,
reduced peak height and oil retention. Those results were used to analyze the effects of
voltage on the surface characteristics, so that the tribological performance of the CPE
treated cast iron samples can be predicted.
Table 4.1 The surface characteristics of all CPE treated samples.
Sample Ra(μm) Rq(μm)

Rsk

Rku

Rpk(μm) Rvk(μm) Mr2 (%) V0(μm)

S1

0.66

1.01

-0.21

3

1.62

1.15

93

0.04

S2

0.72

1.15

-1.96

3.5

2.04

3.15

93

0.11

S3

1.25

1.71

-0.3

13.3

3.39

2.43

91

0.11

S4

1.54

2.37

6.66

22.82

4.67

1.35

92

0.05

The behaviors of roughness were shown in Figure 4.4. The roughness of cast iron
samples treated at 220 V was the lowest. This was due to the fact that 220 V was only 40
V higher than the critical voltage that can initiate the plasma discharges. So the
shockwaves with low energy were generated from the explosion of gas bubbles, leading
to the relatively shallow craters. As the applied voltage increased to 240 V, 280 V and
300 V, the increasing energy of the explosion of the gas bubbles caused larger
shockwaves and thus, deeper craters. So the roughness increased. It was noticed that the
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roughness increased linearly with the voltage, so a straight line was fitted as shown in
Figure 4.4 to predict the behavior of the roughness. The corresponding function was
Ra  0.012V  0.02 (V > 180 V). With this function, the roughness of as-treated sample

can be predicted, which could instruct us to choose the suitable voltage if specific
roughness was expected.

Figure 4.4 The behavior of surface roughness as voltage increased.
Figure 4.5 showed the change of root mean square roughness Rq as the voltage
increased. Rq was used to represent the standard deviation of the distribution of surface
height. Low Rq means that the height of asperities on the surface are close to each other.
While high Rq means that there might be a few asperities that are higher than the other
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ones. The root mean square roughness of CPE as-treated sample at 220 V was the lowest,
which indicated that the modified surface caused by shockwaves with low energy had
relatively evenly distributed surface. Increasing applied voltage would increase Rq,
meaning the distribution of the height of surface profile became fluctuating at high
voltage. Similar to the behavior of Ra, Rq also increased linearly with voltage. So a
straight line was fitted with function: Rq  0.018V  0.1 (V > 180 V).

Figure 4.5 The behavior of root mean square roughness as voltage increased.
Unlike the behaviors of Ra and Rq, the skewness did not increase linearly with
voltage (Figure 4.6). The skewness was very close to zero when the voltage was 220 V,
which indicated that the craters were not very deep. As the voltage increased from 220 V
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to 240 V, the skewness decreased to a much lower value of about -2. It means that the
craters became deeper as the energy of the explosion of gas bubbles increased. But the
skewness did not keep decreasing as the voltage increase. When the voltage was 280 V,
the skewness increased to about -0.3. It did not mean that the craters became shallower
since the high voltage would always create deeper craters. However, it gave us a hint that
the type of surface texture was changed. As the voltage kept increasing to 300 V, the
skewness even became positive, which means that the high peaks dominated the surface
profile instead of the deep valleys. This phenomenon confirmed the transition of surface
texture. The details would be explained later in this chapter.

Figure 4.6 The behavior of skewness as voltage increased.
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Figure 4.7 showed the behaviors of the kurtosis. It was noticed that the kurtosis of
all as-treated samples were larger than 3, which means that the surface profile of these
samples had many high peaks or low valleys. Among these samples, S4 had the largest
kurtosis since the large applied voltage led to the deeper craters. As the voltage increased
from 220 V to 240 V, the kurtosis increased slowly. However, as the voltage increased
from 280 V to 300 V, the kurtosis increased dramatically. This phenomenon could still be
explained by the transition of surface texture type.

Figure 4.7 The behavior of kurtosis as voltage increased.
The behaviors of Rpk were demonstrated in Figure 4.8. The samples treated at
lower voltage had smaller Rpk of about 1.6 μm. As the applied voltage increased, Rpk
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also increased. At 300 V, Rpk increased to a very high value of about 4.6 μm. Surface
with high Rpk would cause severe damage to the counterface since the asperities were
very sharp. So just considering the minimum damage to the counterface, low voltage
should be chosen.

Figure 4.8 The behavior of reduced peak height as voltage increased.
The oil retention of all samples were shown in Figure 4.9. The following function
was used to calculate the oil retention: V 0  Rvk  (100  Mr2) / 200 . It was used to
measure the ability of the CPE modified surface to keep the lubricant inside the craters. It
was found that the oil retention of as-treated sample at 240 V and 280 V were the largest.
It indicated that S2 and S3 had the best ability to keep lubricant inside the craters, which
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can help to decrease the friction coefficient in both low and high sliding speed. The oil
retention of S1 was low since the craters were not deep enough to store large amount of
lubricant. However, the oil retention of S4 was also very low. It indicated that the surface
texture created at very high voltage were not able to store large amount of lubricant.
Although the crater size and depth must increase as the voltage increased, the surface
structure created at high voltage may let the lubricant flow away. It could also be
illustrated by the value of Rvk. It was noted from Table 4.1 that Rvk of S4 was 1.35 μm,
which was even smaller compared to the ones of S2 and S3. It indicated that the valley
depth in the surface profile of S4 that would subsist after reaching steady state condition
was smaller, so that the portion of the craters that could be used to retain lubricant was
smaller, leading to the lower oil retention.

Figure 4.9 The behavior of oil retention as voltage increased.
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4.3 Surface morphology and hardness
Figure 4.10 shows the surface morphology of samples S1-S4. In Figure 4.10 (a),
the surface is relatively smooth. Most of the craters are less than 1μm in diameters. As
discussed above, the energy of plasma discharging was too low to generate large dimples.
In Figure 4.10 (b), it can be found that the size and depth of the craters increased, leading
to a lower skewness. In Figure 4.10 (c), although the size and depth of craters increased,
the rims around the craters became much thicker and higher due to the stronger plasma
discharging, which caused more of the cast iron to melt. Thus, the skewness tended to be
close to 0. However, the microstructure in Figure 4.10 (d) shows significantly different
features. After treated under 300 V, the size and density of craters increased significantly.
As a result, the craters overlapped and asperity structure formed, which led to the positive
skewness and extremely large kurtosis. The variation of surface morphologies further
verified that the characteristics of surface texturing could be controlled by the CPE
process.
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Figure 4.10 SEM images showing surface morphologies of CPE treated cast iron samples
at different voltages: (a) 220 V, (b) 240 V, (c) 280 V, (d) 300 V.
The hardness of all samples is demonstrated in Figure 4.11. It can be found that
after treated by CPE, the hardness of cast iron samples increased up to 50%, which might
be attributed to the martensitic transformation [119]. During the CPE surface texturing
process, the sample surface was heated by the extremely hot plasma core and
subsequently quenched by the electrolyte, resulting in the martensitic transformation. As
the applied voltage increased, the energy of plasma discharging was higher. The localized
surface temperature also increased, leading to higher cooling rate and quenching effect.
Therefore, the surface hardness increased with the applied voltage.
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Figure 4.11 Surface hardness of CPE treated samples S1 to S4, blank sample S5 and
cross-hatched sample S6.
4.4 Friction coefficient
Figure 4.12 gives the dynamic friction coefficients of as-treated cast iron samples.
CPE treated samples, except S4, had lower COF than blank sample (μ=0.1). It was noted
that samples treated under 240 V and 280 V had the lowest values (μ=0.08). Although
these two samples have quite different morphology as stated previously, the common
feature they had was that the craters are isolated with each other and big enough to keep
the lubricant inside.17 Besides that, according to the literature44, the more negative the
skewness is and the larger the kurtosis is, the lower the friction coefficient. Therefore, the
COF was effectively reduced. For S1, the COF was lower than that of the blank sample
but higher than the cross-hatched sample. The craters on the surface of S1 were too small
to effectively act as micro reservoirs. Thus, the benefit of dimples on the COF was
minimized. For S4, although numerous large craters can be found on the surface, the oil
cannot be stored inside the craters as it flew away through the slot between each dimple
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when the samples rotated. As a result, starved lubrication condition was achieved, where
the COF increased.
In summary, Samples with either more negative value (240 V) of skewness or
large kurtosis (280 V) showed lower friction coefficient since the craters were deep and
large enough to store and supply the lubricant. When both the absolute values of
skewness and kurtosis were small (220 V), the microstructure of the treated sample was
very close to the blank sample, so that the friction coefficient decreased slightly. Sample
with large positive skewness (300 V) had negative effect on the friction since the
lubricant cannot be stored in the overlapped craters.

Figure 4.12 Friction coefficients of CPE treated samples, blank samples and cross-hatch
samples.
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4.5 Wear resistance
Figure 4.13 shows the wear tracks on the as-treated cast iron samples, blank and
cross-hatched samples. The surface of all CPE treated samples were deformed to
different extents. No wear grooves can be found. The reason is that any abrasive wear
debris that can cause the grooves would likely be trapped in the craters so that severe
abrasive wear can be avoided.18 In Figure 4.13 (a), almost all craters on S1 disappeared
due to the deformation of surface. The width of the wear track is about 100 μm. In Figure
4.13 (b), a few craters on S2 still remained and the width of wear track is about 70 μm. In
Figure 4.13 (c), although the surface was deformed, most of the craters on S3 still existed
with smaller size. While in Figure 4.13 (d), severe deformation of the asperities could be
observed. However, obvious abrasive wear was observed for the blank and cross-hatched
samples in Figure 4.13 (e) and (f), the wear rates are 1.2×10-6 mm3/(Nm) and 8.8×10-7
mm3/(Nm), respectively. But for S1-S4, the wear tracks cannot be distinguished in the
sectional profiles so that the wear rates cannot be precisely calculated. Thus, the wear
rates of CPE treated samples are obviously smaller than those of the blank and crosshatched samples. The increased wear resistance of the CPE treated sample might be
explained by the increased surface hardness.
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Figure 4.13 Wear tracks on (a-d) CPE treated samples at different voltages, (e) blank
sample and (f) cross-hatched sample.
The wear scars on the steel balls mated with as-treated samples were shown in
Figure 4.14. It can be observed that the steel balls mated with S1 and S2 were less worn.
Referred to the SEM surface images in Figure 4.10, the surface for these two samples
were smoother so that they did less damage to the corresponding steel balls. Moreover, as
the surface became harder, the steel balls were more worn.
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Figure 4.14 Wear tracks on the steel balls mated with (a-d) CPE treated samples at
different voltages, (e) blank sample and (f) cross-hatched sample.
4.6 Summary and conclusions
Micro-sized surface texture was created by cathodic plasma electrolysis on the
cast iron samples innovatively. Morphology and tribological performance were compared
between CPE-treated samples (at different voltages), blank and cross-hatched samples. It
has been concluded that voltage had a great effect on the morphology. The recessed
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surface texture with negative skewness and small kurtosis was obtained at low voltages
since the number and size of the exploded hydrogen bubbles were small, leaving isolated
craters on the surface. Increasing voltage resulted in larger and deeper craters due to the
higher explosive energy, which resulted in larger kurtosis. The protruded surface texture
with positive skewness was formed at high voltage due to the overlapped large craters.
The applied voltage also has significant influence on the friction reduction and
surface hardening. With proper voltages (240 V and 280 V), friction coefficients of
treated samples could be lowered by 20%. If the voltage was too low, the COF did not
obviously change because the craters were too small to acting as oil reservoirs. While if
the voltage was too high, the COF was even higher than the blank sample since the oil
was likely to flow away through the slot between the craters resulting in starved
lubrication condition. The surface hardness was increased up to 50% with the increase of
voltage due to the grain refinement by plasma heating and subsequent quenching. On the
other hand, abrasive wear was successfully alleviated by CPE process. The wear rates of
treated samples obviously decreased due to the micro textured surface and increased
surface hardness.
This work reveals that CPE has potential to be applied on any conductive
materials for friction reduction and wear resistance. The micro craters (diameter: 1-5 µm)
are especially ideal for sliding surface in boundary or mixed lubricating condition where
the oil film is extreme thin. The fast and low-cost process is suitable for mass production
in automotive industry. However, more work should be done in the future to investigate
the optimization of parameters for better tribological performance.
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CHAPTER 5
Plasma texturing for friction reduction in high sliding speed

Cathodic plasma electrolysis (CPE) is used to create surface textures on cast iron
samples for improving the tribological properties. Micro craters with confined size
distribution were successfully formed by CPE process. These craters can generate extra
hydrodynamic pressure that separates two sliding surfaces, increases the oil film
thickness and accelerates the transition from boundary to mixed lubrication. It was found
that the optimal crater size was 1.7μm, at which the maximum lubrication efficiency was
achieved. The Taguchi method was used to optimize the process parameters (voltage and
roughness) for CPE surface texturing. The orthogonal array and the signal-to-noise ratio
were employed to study the effect of each process parameter on the coefficient of
friction. The results showed that with higher voltage and lower roughness, the lower
friction coefficient can be obtained.
5.1 Surface characteristics
S1-S9 were cast iron samples that were treated by CPE process at 180 V, 200 V
and 220 V and polished to the roughness of about 0.7 μm, 0.6 μm and 0.5 μm. The
characteristics of CPE modified surfaces were listed in Table 5.1, including roughness,
root mean square roughness, skewness, kurtosis, reduced peak height and oil retention.
Those results were used to analyze the effects of voltage on the surface characteristics, so
that the tribological performance of the CPE treated cast iron samples can be predicted.
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Table 5.1 The surface characteristics of all CPE treated samples.
Samples

Ra(μm)

Rq(μm)

Rsk

Rku

Rpk(μm) Oil retention(μm)

S1

0.68

0.94

-0.98

3.65

0.52

0.18

S2

0.58

0.76

-0.6

2.64

0.46

0.13

S3

0.5

0.65

-0.52

1.81

0.29

0.08

S4

0.71

1.02

-1.98

5.34

0.66

0.36

S5

0.62

0.84

-1.45

4.34

0.48

0.24

S6

0.49

0.59

-0.92

3.86

0.34

0.16

S7

0.7

0.97

-2.34

8.85

0.69

0.39

S8

0.6

0.8

-1.47

6.45

0.54

0.25

S9

0.51

0.61

-1.02

5.12

0.45

0.18

The behaviors of skewness as the roughness changed for cast iron samples at
different voltages were shown in Figure 5.1. It can be found that the skewness of all
samples were negative, which means that the height distribution of the surface profiles
was not symmetrical and the deep valleys were more than the high peaks. It was due to
the craters created by the CPE process. For the same roughness, samples CPE treated at
high voltage showed lower skewness, since high voltage would cause deeper craters.
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After polishing the samples to obtain lower roughness, the skewness increased since the
craters became shallower.

Figure 5.1 The behaviors of skewness as surface roughness increased.
Figure 5.2 showed the behaviors of the kurtosis. It was noticed that the kurtosis of
all as-treated samples were larger than 3, which means that the surface profile of these
samples had many high peaks or low valleys. Among these samples, S7 had the largest
kurtosis since the large applied voltage led to the deeper craters. After polishing, the
kurtosis decreased since the depth of the craters became smaller. For S2 and S3, the
kurtosis was less than 3 which means that the valleys were relatively flat.
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Figure 5.2 The behaviors of kurtosis as surface roughness increased.
The behaviors of Rpk were demonstrated in Figure 5.3. The samples treated at
180 V had Rpk of about 0.51 μm, lower than the other two samples that were treated at
200 V and 220 V. However, surface with large Rpk would cause severe damage to the
counterface. After polishing twice, the Rpk of all samples decreased to an acceptable
value that can minimize the damage to the counterface.
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Figure 5.3 The behaviors of reduced peak height as surface roughness increased.
The oil retention of all samples were shown in Figure 5.4. The following function
was used to calculate the oil retention: V 0  Rvk  (100  Mr2) / 200 . It was found that the
oil retention of as-treated sample at 220 V was the largest. It indicated that S7 had the
best ability to keep lubricant inside the craters, which can help to decrease the friction
coefficient in high sliding speed. But the oil retention of S7 were too high that the oil
consumption might be very large when applied on cylinder liners. By polishing the cast
iron samples, the oil retention decreased so that the oil consumption can be controlled. As
the roughness decreased to about 0.5 μm, the oil retention of all samples decreased to an
acceptable value that is either large enough to store the lubricant inside the craters or
small enough to avoid large consumption of lubricant.
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Figure 5.4 The behaviors of oil retention as surface roughness increased.
5.2 Surface morphology
The surface morphologies of CPE surface textured samples after polishing are
shown in Figure 5.5. As demonstrated in Figure 5.5 (a), the crater size was very small at
180 V, which was the critical voltage for initiation of the plasma. Thus, the energy of the
gas bubble explosion was not high enough to generate large craters. As the voltage
increased by 20 V, the crater size increased to about 1.8 µm, as illustrated in Figure 5.5
(b). However, occasionally large crater with diameter of 4 µm could be found in Figure
5.5 (c) when the voltage increased to 220 V. Under such high voltage, more electrons
accumulated on the gas bubbles, leading to the high energy explosion. It has been verified
that the crater size of the sample treated by higher voltage was larger than the one treated
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by lower voltage after they are polished to the same roughness. Similar results can be
observed in Figure 5.5 (d-f) and (g-i).

Figure 5.5 The surface morphologies of CPE treated samples polished to obtain the
roughness of 0.7 µm at (a) 180 V, (b) 200 V and (c) 220V; the surface morphologies of
CPE treated samples polished to obtain the roughness of 0.6 µm at (d) 180 V, (e) 200 V
and (f) 220V; the surface morphologies of CPE treated samples polished to obtain the
roughness of 0.5 µm at (g) 180 V, (h) 200 V and (i) 220V.
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5.3 Friction coefficient
The COF vs. Sliding velocity curve of the reference sample is shown in Figure 5.6
(a). It can be found that although the velocity increased from 0 to 4.5 m/s, the COF barely
decreased, which means the tribosystem was working in boundary lubrication. Figure 5.6
(b-d) show the COF vs. velocity curves of CPE surface textured samples. When the
velocity was very low, the COF stayed at a relatively high value indicating that the
lubricating system was in the boundary regime. As the velocity increased, the COF
dropped steeply, and the lubrication was transitioned into mixed regime. At maximum
sliding velocity, the COF still decreased but with a much lower rate, which means the
tribosystem was still in mixed lubrication but going to enter EHL if the velocity kept
increasing. It was noticed that at certain velocity, the COF of each sample was different.
The lowest value of COF for each sample was collected and as the responses for Taguchi
design.
It was found that at relatively low velocity, the friction coefficients of CPE
textured samples were not consistent with the friction coefficients at high sliding speed.
From last chapter, the relationship between the COF at low sliding speed and surface
characteristics such as skewness and kurtosis was revealed. The conclusion could be used
here to explain the inconsistent results of COF. It was noted from Figure 5.1 and 5.2 that
as the roughness decreased, the skewness tended to be closer to zero and the kurtosis
decreased. So the CPE samples with Ra = 0.7 µm should have the lowest COF, while the
one treated at the same voltage with Ra = 0.5 µm should have the highest COF. This
prediction was proved by Figure 5.6 (b) and (d). The exception for the sample treated at
200 V with Ra = 0.7 µm might be explained by the error of COF recording.
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Figure 5.6 The COF vs. Sliding velocity curves of (a) reference, (b-d) CPE treated
samples at 180 V, 200 V and 220 V.
5.4 Taguchi analysis
To select an appropriate orthogonal array, the total degrees of freedom of process
parameter s (applied voltage and surface roughness) need to be calculated first. In this
work, each process parameter had three levels (Table 5.2). So the degree of freedom of
each parameter was 2. Since the interaction between the process parameters was
neglected, the total degrees of freedom were 4. Basically, the degrees of freedom for the
orthogonal array should be larger than that of the process parameters. So a L9 orthogonal
array was chosen. Only nine experiments needed to be conducted to study the entire
combination of the process parameters (Table 5.3).
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To obtain optimal friction performance, the lower-the-better formula: 𝑆⁄𝑁 =
−10log(𝑦 2 ) for COF was used [120]. The experimental results for COF and
corresponding S/N ratio is shown in Table 5.3. The effect of each process parameter at
different levels can be separated out by taking the mean value of S/N ratio for the certain
level. The mean S/N ratio for 180 V, 200 V and 220 V can be calculated by taking the
average of the S/N ratio for the experiments 1-3, 4-6 and 7-9, respectively. The mean S/N
ratio for each level of roughness can be computed in the same way. Figure 4 shows the
mean S/N ratio graph for COF. It can be found that the mean S/N ratio increases nonlinearly with the increase of voltage and the decrease of roughness. From the above
discussion, the voltage influenced the crater size, so it can be concluded that the COF
decreased as the crater size increased. Figure 5.7 shows that when the voltage increased
from 180 to 200 V, the mean S/N ratio dramatically increased. But when the voltage
increased to 220V, the mean S/N ratio increased slowly. It indicates that there might be
an optimal value of crater size that results in the lowest COF.
Table 5.2 List of Process parameter and value for each level
Process parameter

Level 1

Level 2

Level 3

Voltage (V)

180

200

220

Roughness (µm)

0.7

0.6

0.5
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Table 5.3 The orthogonal arrays of L9 experimental design.
Experimental number

Voltage (V)

Roughness (µm)

1

1

1

2

1

2

3

1

3

4

2

1

5

2

2

6

2

3

7

3

1

8

3

2

9

3

3
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Table 5.4 Results for COF and corresponding S/N ratio
Run

Voltage (V)

Roughness (µm)

Lowest COF

S/N ratio

1

180

0.68

0.108

19.33

2

180

0.58

0.125

18.06

3

180

0.50

0.130

17.72

4

200

0.71

0.090

20.91

5

200

0.62

0.075

22.49

6

200

0.49

0.060

24.43

7

220

0.70

0.075

22.49

8

220

0.60

0.058

24.73

9

220

0.51

0.060

24.43

Figure 5.7 The mean S/N ratio for COF
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5.5 Discussion
Hamrock and Dowson [121] proposed to calculate the film thickness between two
smooth sliding surfaces with an empirical equation:
ℎ𝑐 = 2.69𝑈 0.67 𝐺 0.53 𝑊 −0.067 [1 − 0.61 exp (−0.73𝐷 −

2⁄
𝜋 )]

𝑢𝜂

Where the dimensionless speed parameter 𝑈 = 𝐸′ 𝑅0 , the dimensionless load parameter
𝑥

𝜔

𝑊 = 𝐸′ 𝑅𝑘 and the dimensionless load parameter 𝐺 = 𝛼𝐸 ′ . In this work, dynamic
𝑥

viscosity of lubricant 𝜂0 is 0.1, the effective elastic modulus of the surfaces 𝐸 ′ is 68.3
GPa, reduced radius of curvature 𝑅𝑥 is 5.35×10-5 m, The external load 𝜔 is 5 N, k is 2
for elliptical contact, lubricant pressure-viscosity coefficient 𝛼 is 1.3×108.
The film thickness ratio 𝜆 = hc/Ra was developed to determine in which lubrication
regimes the sliding system is [122]. Where hc is film thickness and Ra is surface
roughness. If λ <1, it is in boundary lubrication; if 1< λ <3, it is in mixed lubrication; and
if λ >3, it is in hydrodynamic lubrication. For the reference sample (Ra=0.16), the film
thickness ratio was calculated as λ =0.85 even the sliding speed goes up to 4.5 m/s, which
verifies that the reference sample stayed in boundary lubrication during the whole
tribotest.
The λ of those CPE surface textured samples were also less than 1 for the whole
velocity range, but the drastic decrease of COF along with increasing sliding velocity
indicated that those tribosystems had already entered mixed lubrication. This
phenomenon could be explained by the extra hydrodynamic pressure generated by the
craters, which were not considered in Hamrock and Dowson’s theory. This extra
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hydrodynamic pressure could lift the counterpart, so that the film thickness would
increase even the speed was not very high. Therefore, the divergence between the
experimental results and Hamrock and Dowson’s theory represented the strength of extra
hydrodynamic pressure and could be used to scale the effectiveness of the surface
texturing that can improve the lubrication efficiency. To evaluate the divergence, the
critical film thickness ratio λc, at which the transition between boundary and mixed
lubrication occurred, was calculated based on the COF vs. Sliding velocity curves. The
lower λc, the higher divergence and thus the higher lubrication efficiency. The curve of λc
vs. crater size is shown in Figure 5. It can be found that the λc value of all samples were
much less than 1, which means that surface texturing can significantly improve the
lubrication efficiency. Moreover, as the crater size increased, the λc decreased to about
0.1 and then increases to about 0.16. Thus, the optimal crater size was about 1.7 µm. If
the crater size is less than this value, the hydrodynamic pressure is weaker and can only
support the two sliding surfaces at higher speed. While if the crater size is larger than
that, the film becomes unstable since the deep craters might destroy the film.

107

Figure 5.8 The trend of critical film thickness ratio as the crater size increases.
5.6 Summary and conclusions
Cathodic plasma electrolysis was used to produce surface textures on cast iron
samples. The Taguchi experimental design was used to investigate the optimal process
parameters (applied voltage and roughness) that resulted in the lowest COF at high
sliding speed. It was concluded that the lower COF could be obtained at higher voltage
and lower roughness. Since larger crater size produced by higher voltage could generate
larger hydrodynamic pressure, which could separate the sliding surfaces at relatively low
velocity and smooth surface would benefit the formation and stability of lubricant film.
The optimal voltage and roughness were 220 V and 0.5 µm analyzed by the S/N ratio
diagram where a minimum COF of about 0.06 could be obtained at velocity of 4.5 m/s.
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The critical film thickness ratio λc at which the tribosystem was transitioned from
boundary to mixed lubrication was used to determine the lubrication efficiency. Better
lubrication efficiency could be obtained if lower critical film thickness ratio was
calculated, since the tribosystem was transitioned into mixed lubrication at lower
velocity. It was concluded that the lubrication efficiency was improved for all CPE
surface textured samples compared with the untextured one. Increasing the crater size
could improve the lubrication efficiency before the highest value was obtained at optimal
crater size of about 1.7 µm. After that, keep increasing the crater size would lead to the
decrease of lubrication efficiency.
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CHAPTER 6
Effect of honing process on surface characteristics of CPE treated cylinder liner

Unlike the experiments that had been done before, the surface was not flat in this
case, so that the nozzle we used before did not work here. A new nozzle should be
designed in order to spray the electrolytes onto the surface of cylinder liner. During the
Experiment, three different voltages (240 V, 260 V, 280 V) were applied for about 10 s to
create surface texturing on cylinder liner surface. After that, the surface was honed by a
brush to study the effect of honing process on the surface characteristics. Because from
the last chapter we knew that in order to reduce the friction coefficient in high sliding
speed, the as-treated samples should be polished to obtain the roughness of about 0.5 μm.
In this work, the relationship between the honing cycles and surface characteristics such
as roughness, skewness, kurtosis etc. was revealed. The results can give us instruction on
how to post treated the CPE modified surface to reduce the friction coefficient.
6.1 Surface characteristics
S1, S4 and S7 are cast iron samples that were treated by CPE process at 240 V,
260 V and 280 V. S2, S5 and S8 were CPE treated samples honed by a 800 grit brush for
5 cycles. S3, S6 and S9 were CPE treated samples honed by a 800 grit brush for 10
cycles. The characteristics of CPE modified surfaces were listed in Table 6.1, including
roughness, root mean square roughness, skewness, kurtosis, reduced peak height and oil
retention. Those results were used to analyze the effects of honing process on the surface
characteristics, so that the tribological performance of the CPE treated cylinder liner can
be predicted.
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Table 6.1 The surface characteristics of all CPE treated samples
Samples

Ra(μm)

Rq(μm)

Rsk

Rku

Rpk(μm)

V0(μm)

S1

0.55

0.72

-1.22

4.65

1.43

0.056

S2

0.32

0.48

-0.99

2.43

0.36

0.039

S3

0.19

0.28

-0.6

1.87

0.24

0.021

S4

0.72

0.97

-5.73

8.06

1.63

0.125

S5

0.49

0.7

-2.82

6.86

1.16

0.083

S6

0.35

0.47

-1.87

3.87

0.82

0.067

S7

0.81

1.1

-3

16.53

1.9

0.069

S8

0.55

0.76

-1.39

6.43

1.16

0.034

S9

0.4

0.53

-1.05

4.79

0.68

0.033

The behaviors of roughness were shown in Figure 6.1. For CPE as-treated
samples, the roughness of cast iron samples treated at 240 V was the lowest. This was
due to the fact that 240 V was relatively a low voltage that cannot cause the explosion of
the gas bubbles with high energy. So the depth of the craters were shallow, leading to the
relatively low roughness. As the applied voltage increased to 260 V and 280 V, the
relatively high energy of the explosion of the gas bubbles caused larger shockwaves and
thus, deeper craters. So the roughness increased to 0.72 μm and 0.81 μm. After honing
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process for 5 cycles, the roughness of each samples decreased. But it can be found that
sample treated at 240 V and 280 V still had the lowest and highest roughness,
respectively. After honing process for 10 cycles, the lowest roughness decreased to about
0.2 μm, which means that the crater size might be too small to function. So when applied
in cylinder liner, the honing process should be stopped before the roughness getting too
low.
It was noticed that the fitting line of each sample in Figure 6.1 is parallel with
each other. The slope of the fitting line was about -0.038. It indicated that the decreasing
rate of the roughness caused by honing process was not affected by the initial roughness.
The function relating roughness and cycles of honing can be obtained as follows:
Ra  0.038C  Ra0 . Where C is the cycles of honing process; Ra0 is the roughness of

the as-treated sample.
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Figure 6.1 The behaviors of surface roughness as honing cycles increased.
Figure 6.2 showed the change of root mean square roughness Rq as the honing
cycle increased. Rq was used to represent the standard deviation of the distribution of
surface height [1]. low Rq means that the height of asperities on the surface are close to
each other. While high Rq means that there might be a few asperities that are higher than
the other ones. The root mean square roughness of CPE as-treated sample was lower than
other two samples, which indicated that the modified surface caused by shockwaves with
low energy had relatively evenly distributed surface. After honing process for 5 and 10
cycles. The value of Rq decreased for all samples.it demonstrated that honing process can
help to create the evenly distributed surface. Similar to the behaviors of roughness, the
fitting line of each sample for Rq was almost parallel with each other. So the root mean
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square roughness of the CPE treated sample after honing process can be predicted by the
following function: Rq  0.05C  Rq0 . Where C is the cycles of honing process; Rq0 is
the root mean square roughness of the as-treated sample.

Figure 6.2 The behaviors of root mean square roughness as honing cycles increased.
The behaviors of skewnesss of each sample was shown in Figure 6.3. It can be
found that the skewness of all samples were negative, which means that the height
distribution of the surface profiles were not symmetrical and the deep valleys were more
than the high peaks. It was due to the craters created by the CPE process. The absolute
value of the skewness of S1 was very low, since the depth of the craters are smaller due
to the low applied voltage. The absolute value of the skewness of S4 was lower than that
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of S7. As explained in Chapter 4, as the applied voltage was too large, the protruded
surface texture would be created, which had the positive skewness. Although the
skewness of S7 was negative, the voltage was still large to turn the surface texture from
recessed type to protruded type. So the skewness was on the way to become positive.
After honing process for 5 and 10 cycles, the absolute value of the skewness became
smaller since the the craters became shallower.

Figure 6.3 The behaviors of skewness as honing cycles increased.
Figure 6.4 showed the behaviors of the kurtosis. It was noticed that the kurtosis of
all as-treated samples were larger than 3, which means that the surface profile of these
samples had many high peaks or low valleys. Among these samples, S7 had the largest
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kurtosis since the large applied voltage led to the deeper craters. After honing process, the
kurtosis decreased since the depth of the craters became smaller. For S2 and S3, the
kurtosis was less than 3 which means that the valleys were relatively flat. For other
samples, the kurtosis were still larger than 3 which indicated that the valleys were
relatively sharp.

Figure 6.4 The behaviors of kurtosis as honing cycles increased.
The behaviors of Rpk were demonstrated in Figure 6.5. The samples treated at
lower voltage had smaller Rpk of about 1.4 μm. As the applied voltage increased, Rpk
also increased. After honing process for 5 cycles, Rpk dramatically decreased to low
values of about 0.5 μm, which were low enough to avoid the damage to the counterface.
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Honing for 10 cycles kept decreasing Rpk but the decreasing rate was very small
compared with the first stage of honing.

Figure 6.5 The behaviors of reduce peak height as honing cycles increased.
The oil retention of all samples were shown in Figure 6.6. The following function
was used to calculate the oil retention: V 0  Rvk  (100  Mr2) / 200 . It was found that the
oil retention of as-treated sample at 260 V was the largest. It indicated that S4 had the
best ability to keep lubricant inside the craters, which can help to decrease the friction
coefficient in both low and high sliding speed. The oil retention of S1 and S7 were close
to each other. The oil retention for S4 was low because the crater size was relatively
small so that the amount of lubricant that can be stored in the craters decreased. For S7,
the surface texture was turning from recessed to protruded type. The protruded structure
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had very low oil retention since the lubricant tended to flow away from the contact
region. After honing for 5 cycles, the oil retention decreased but was still able to store
enough lubricant in the craters to reduce friction coefficient. After honing for 10 cycles,
the oil retention for S3 and S6 were so low that the amount of lubricant inside the craters
might be too small.

Figure 6.6 The behaviors of oil retention as honing cycles increased.
6.2 Surface morphology
Figure 6.7 showed the surface morphology of cast iron samples treated at 240 V.
The silicon mold was used to reciprocate the surface morphology on the cylinder liner so
that it can be observed by SEM. The picture actually showed the reversed surface
structure, which means that the protruded part in the picture represented the craters on the
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cylinder liner, while the craters in the picture represented the asperities on the cylinder
liner surface. The surface morphology of as-treated sample was shown in Figure 6.7 (a).
It can be found that the crater size was relatively small of about 2 μm due to the low
applied voltage. After honing for 5 cycles, the crater size decreased to a much lower
value of about 0.8 μm. The number of craters also decreased. Only one crater can be
found in the picture. After honing for 10 cycles, the crater became tiny.

Figure 6.7 The surface morphology of CPE treated cylinder liner at 240 V (a) without
honing (b) honed for 5 cycles and (c) honed for 10 cycles.
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The surface morphology of of cast iron samples treated at 260 V was shown in
Figure 6.8. The crater size of as-treated sample was obviously larger than that of the
sample treated at 240 V. it can be observed that there were the rims around the crater in
Figure 6.8 (a). It was formed as the cast iron that was pushed away by the shockwaves
from the explosion of gas bubbles solidified around the craters. The honing process
reduced the crater size to a much lower value.

Figure 6.8 The surface morphology of CPE treated cylinder liner at 260 V (a) without
honing (b) honed for 5 cycles and (c) honed for 10 cycles.
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The surface morphology of of cast iron samples treated at 280 V was shown in
Figure 6.9. The crater size increased a lot compared to the sample treated at lower voltage
and the number of crater also increased.

Figure 6.9 The surface morphology of CPE treated cylinder liner at 280 V (a) without
honing (b) honed for 5 cycles and (c) honed for 10 cycles.
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To measure the crater size of each sample, a commercial software ImageJ was
used. The process of how to use ImageJ to measure the crater size was shown in chapter
5. what was different was that in this case, the number of craters were only a few, so we
only needed to measure one or two crater size for each SEM picture. So there were no
need to calculate the distribution of crater size. The crater size of all samples were shown
in figure 6.10. The largest crater size was about 4.5 μm when the sample was treated at
280 V. After honing for 5 cycles, the crater size decreased to around 1.5 μm. Keep
honing would further decrease the crater size to about 1 μm. According to the conclusion
from precious chapter, the crater size of about 1.7 μm would mostly benefit the
tribologcial performance of two sliding surfaces at high sliding speed. So honing for 5
cycles might be the best choice.

Figure 6.10 The behaviors of crater size as honing cycles increased.
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6.3 Taguchi analysis
The Taguchi experiment design was used in this work and the S/N ratio was
utilized to analyze which level of the process parameter mostly influenced the response
performance. The process parameters in this work were voltage and honing and each
process parameter had three levels as shown in Table 6.2. The first step of establish the
Taguchi design was to select an appropriate orthogonal array. So the total degrees of
freedom need to be calculated first. In this work, each process parameter had three levels.
So the degree of freedom of each parameter was 2. Since the interaction between the
process parameters was neglected, the total degrees of freedom were 4. Basically, the
degrees of freedom for the orthogonal array should be larger than that of the process
parameters. So a L9 orthogonal array was chosen. Only nine experiments needed to be
conducted to study the entire combination of the process parameters. The experiment
layout for the L9 orthogonal array was shown in Table 6.3.
Table 6.2 List of process parameter and value for each level
Process parameter

Level 1

Level 2

Level 3

Voltage (V)

240

260

280

Honing (Cycles)

0

5

10

123

Table 6.3 The orthogonal arrays of L9 experimental design.
Experimental number

Voltage (V)

Honing (Cycles)

1

1

1

2

1

2

3

1

3

4

2

1

5

2

2

6

2

3

7

3

1

8

3

2

9

3

3

To obtain optimal friction performance, the lower-the-better formula was used to
calculate S/N ratio for Ra and Rpk and the higher-the-better formula was used to
calculate S/N ratio for Rsk, Rku and V0. The experimental results for each response was
shown in Table 6.4 and the S/N raito for each level of process parameter was shown in
Table 6.5.
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Table 6.4 Experimental results.
Experim

Voltage

Honing

Ra (μm)

-ental

(V)

(Cycles)

1

240

0

0.55

2

240

5

3

240

4

Rpk

Rsk

Rku

V0 (μm)

1.43

-1.22

4.65

0.056

0.32

0.36

-0.99

2.43

0.039

10

0.19

0.24

-0.60

1.87

0.021

260

0

0.72

1.63

-5.73

8.06

0.125

5

260

5

0.49

1.16

-2.82

6.86

0.083

6

260

10

0.35

0.82

-1.87

3.87

0.067

7

280

0

0.81

1.90

-3.00

16.53

0.069

8

280

5

0.55

1.16

-1.39

6.43

0.034

9

280

10

0.40

0.68

-1.05

4.79

0.033

(μm)

number
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Table 6.5 The S/N ratio for all samples.
Experi

S/N ratio

S/N ratio

S/N ratio for

S/N ratio for

mental

for Ra

for Rpk

Rsk

Rku

1

5.19

-3.11

1.73

13.35

-25.02

2

9.90

8.87

-0.09

7.71

-28.25

3

14.42

12.40

-4.44

5.44

-33.47

4

2.85

-4.24

15.16

18.13

-18.07

5

6.20

5.85

9.00

16.73

-21.57

6

9.12

7.54

5.44

11.75

-23.53

7

1.83

-5.58

9.54

24.37

-23.29

8

5.19

3.88

2.86

16.16

-29.40

9

7.96

9.37

0.42

13.61

-29.76

S/N ratio for V0

number

The effect of each process parameter at different levels can be separated out by
taking the mean value of S/N ratio for the certain level. For example, the mean S/N ratio
for 240 V, 260 V and 280 V can be calculated by taking the average of the S/N ratio for
the experiments 1-3, 4-6 and 7-9, respectively. The mean S/N ratio for each level of other
process parameters can be computed in the same way. The summary of the mean S/N
ratio of each level for Ra, Rpk, Rsk, Rku and V 0 were shown in Table 6.6-6.10. Delta
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was obtained by calculating the difference between the maximum and minimum value of
mean S/N ratio for each process parameter. The larger delta value indicated that the
corresponding process parameter took more account for the response performance.
Voltage had larger effect on skewness, Kurtosis and oil retention, while honing had larger
effect on roughness and reduced peak height.
Table 6.6 Response table for reduce peak height.
Process

Level 1

Level 2

Level 3

Delta

Voltage

9.84

6.06

5.00

4.84

Honing

3.29

7.10

10.50

7.21

Parameter

Table 6.7 Response table for surface roughness.
Process

Level 1

Level 2

Level 3

Delta

Voltage

6.05

-1.27

-1.17

7.32

Honing

-4.31

2.10

5.82

10.13

Parameter
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Table 6.8 Response table for skewness.
Process

Level 1

Level 2

Level 3

Delta

Voltage

-0.93

9.87

4.28

10.80

Honing

8.81

3.93

0.47

8.34

Level 1

Level 2

Level 3

Delta

Voltage

8.83

15.54

18.05

9.21

Honing

18.61

13.53

10.27

8.35

Parameter

Table 6.9 Response table for kurtosis.
Process
Parameter

Table 6.10 Response table for oil retention.
Process

Level 1

Level 2

Level 3

Delta

Voltage

-28.91

-21.06

-27.48

7.86

Honing

-22.13

-26.40

-28.92

6.80

Parameter
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The curves of mean value and mean S/N ratio for each level of roughness as the
increase of process parameters were shown in Figure 6.11. As the voltage increased, the
mean value of roughness for each levels increased. But it decreased as the honing cycle
increased. From the curve of mean S/N ratio, the same conclusion can be obtained. So in
order to get lower roughness, low voltage and high honing cycles were expected.

Figure 6.11 (a) The mean value and (b) S/N ratio of surface roughness.
The curves of mean value and mean S/N ratio for each level of reduced peak
height as the increase of process parameters were shown in Figure 6.12. As the voltage
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increased, the mean value of reduced peak height for each levels increased. But it
decreased as the honing cycle increased. From the curve of mean S/N ratio, the same
conclusion can be obtained. So in order to get lower reduced peak height, low voltage
and high honing cycles were expected. Unlike the behavior of roughness, as the voltage
increased from 260 V to 280 V, the increasing rate of mean reduced peak height became
very small, which indicated that keep increasing voltage might not further increase Rpk.

Figure 6.12 (a) The mean value and (b) S/N ratio of reduced peak height.
The curves of mean absolute value and mean S/N ratio for each level of skewness
as the increase of process parameters were shown in Figure 6.13. As the voltage
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increased from 240 V to 260 V, the mean absolute value of skewness increased a lot. But
as the voltage kept increasing to 280 V, it decreased. It can be explained by the different
type of surface texture when treated at different voltage. Honing process would decrease
the mean absolute value of skewness. The curves of mean S/N ratio indicated that 260 V
might be the best voltage in order to get higher absolute value of skewness.

Figure 6.13 (a) The mean value and (b) S/N ratio of skewness.
The curves of mean value and mean S/N ratio for each level of kurtosis as the
increase of process parameters were shown in Figure 6.14. As the voltage increased, the
mean value of kurtosis for each levels increased. But it decreased as the honing cycle
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increased. From the curve of mean S/N ratio, the same conclusion can be obtained. So in
order to get higher kurtosis, high voltage and low honing cycles were expected. The
behaviors of kurtosis were very similar to that of roughness.

Figure 6.14 (a) The mean value and (b) S/N ratio of kurtosis.
The curves of absolute value and mean S/N ratio for each level of oil retention as
the increase of process parameters were shown in Figure 6.15. As the voltage increased
from 240 V to 260 V, the mean value of oil retention increased a lot. But as the voltage
kept increasing to 280 V, it decreased. It can still be explained by the different type of
surface texture when treated at different voltage, influencing the ability of the craters to
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keep the lubricant inside. Honing process would decrease the mean value of oil retention.
The curves of mean S/N ratio indicated that 260 V might be the best voltage in order to
get higher oil retention. The behaviors of oil retention were so close to that of the
skewness. Because lower skewness means the depth of the craters were large, so the
ability to store the lubricant was also excellent.

Figure 6.15 (a) The mean value and (b) S/N ratio of oil retention.
6.4 Summary and conclusions
The CPE treated cylinder liner showed different surface characteristics at different
voltages. When treated at low voltage, the roughness, kurtosis, oil retention was relatively
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low. Although the skewness was negative, the absolute value was small. It indicated that
the craters might be too small to act as oil reservoirs. As the voltage increased, the value
of these roughness parameters increased, which means that the crater were getting bigger
and deeper so that larger amount of lubricant can be stored inside the craters. To reduce
friction coefficient in high sliding speed, the roughness of the surface must be controlled
at about 0.5 μm. After honing for 5 and 10 cycles, the roughness decreased to about 0.5
μm and 0.3 μm, respectively. And it was found that the roughness decreased linearly as
the honing cycle increased. So a function was built to predict the roughness after honing
as follow: Ra  0.038C  Ra0 , where C is the number of honing cycle and Ra0 is the
roughness of the as-treated sample at certain voltage. So according to this function, the
number of honing cycles that is needed to get the expected roughness can be successfully
predicted.
The velocity of the pistons rings sliding along the cylinder liner was 0 at top dead
center and bottom dead center. So there is a small region near the TDC and BDC where
the sliding system is in boundary lubrication. In order to reduce friction coefficient in
boundary lubrication, the treated surface should not be polished. So For surface near
TDC and BDC, no honing process is required. For the surface in the middle, the honing
process is required to polish the surface to obtain roughness of about 0.5 μm.
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CHAPTER 7
Conclusions and future work

7.1 Conclusions
Cathodic plasma electrolysis was innovatively used to create surface texture on
the cast iron samples. Morphology and tribological performance were compared between
CPE-treated samples at different voltages as well as blank and cross-hatched samples.
Voltage had great effect on the morphology. More specifically, increasing voltage
resulted in larger and deeper craters due to the high explosive energy. Two types of
surface texture were found as the voltage increased. At low voltage, a recessed texture
was formed with the isolated small craters. The skewness was negative but very close to
zero. As the voltage increased, the crater size became larger leading to the decrease of
skewness. Further increasing voltage transformed the surface texture into protruded type,
where the craters were too large and overlapped. The skewness of this type became
positive. The low sliding speeding tribotests illustrated that the cast iron samples treated
at low voltage had very close friction coefficient to the untextured sample since the
surface morphology were very similar. While if the voltage was too high, the sample
showed higher friction coefficient than the untextured one since the positive skewness
would increase the friction coefficient. The samples treated at proper voltage either with
more negative skewness and small kurtosis or less negative skewness or large kurtosis
showed lower friction coefficients than the untextured one.
The high sliding speed tribotests illustrated that the cast iron samples treated at
high voltage and then polished to obtain a low roughness would have low friction
coefficient. Since larger crater size produced by higher voltage could generate larger
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hydrodynamic pressure, which could separate the sliding surfaces at relatively low
velocity and smooth surface would benefit the formation and stability of lubricant film.
The S/N ratio results showed that either increasing voltage or decreasing surface
roughness would decrease the friction coefficient at certain sliding speed. The critical
film thickness ratio λc at which the tribosystem was transitioned from boundary to mixed
lubrication was used to determine the lubrication efficiency. Better lubrication efficiency
could be obtained if lower critical film thickness ratio was calculated, since the
tribosystem was transitioned into mixed lubrication at lower velocity. It was concluded
that the lubrication efficiency was improved for all CPE surface textured samples
compared with the untextured one. Increasing the crater size could improve the
lubrication efficiency before the highest value was obtained at optimal crater size of
about 1.7 µm. After that, keep increasing the crater size would lead to the decrease of
lubrication efficiency.
To apply CPE technology on cylinder liner, the optimal parameter of honing
process was investigated. The surface roughness was the parameter that should be
controlled by proper honing cycles to reach lower friction coefficient. A linearly function
relating honing cycle and surface roughness was revealed. So, the specific honing cycles
that is needed to reach roughness of about 0.5 μm can be calculated from this function.
7.2 Future work
In order to know the effect of CPE process on cylinder liner, an engine test should
be conducted. So all four cylinder liners in a Ford I4 engine should be treated with CPE
and honed to obtain proper surface roughness. After that it can be sent to motor company
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for cylinder test. Depending on the test results, optimal process parameters can be
determined.
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